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ABSTRACT 

An improved design concept is presented for the Space Shuttle solid 
rocket booster (SRB)/external tank (ET) attachment ring structural 
component. 
each SRB to the ET. 
ends to distribute fastener loads safely into the SRB. Extensive design 
studies and analyses were performed to arrive at the concept. 
on structural elements were performed to determine material strength and 
stiffness characteristics. Materials and fabrication studies were conducted 
to determine acceptable tolerances for the design concept. The text of the 
report provides an overview of the work, conclusions and major 
recommendations. 
appendices. 

This component picks up three struts which attach the aft end of 
The concept is a partial ring with carefully tapered 

Experiments 

Supporting technical details are contained in ten 

. 
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REDESIGN OF SOLID ROCKET IBOSTER / DcI1ERNAz; TANK A'ITACHMENC RING 
FOR THE SPACE TRANSPOKI'ATION SYSTEM 

Harvey G.  M c C d ,  Jr., Campiler 
Analytical Services and Materials, Inc. 

Hampton, Virginia 23665 

The aft ends of the Space Transprtation System Solid Iz0C)cet Boosters 
(SRJ3s) are attached to the External Tank (ET.) through a partial ring struc- 
tural conponent mounted on the outside of each SRB. The approximate 
location of these rings is indicated on figure 1. Each ring extends about 
270° around the circumference of the SRl3 shell and fllpports fittings which 
mount three struts providing the aft attachment for each SRB to the ET. A 
sketch of one of these attachment rings including the three struts is shown 
in figure 2. 
cross-section of the ring is a rectangular box configuration as shown in 
figure 4. 

Tbm problems are associated with the existing attachrent ring design: 
(1) negative margins of safety are calculated at four locations indicated on 
figure 5, and (2) sheared fasteners have been experienced on a substantial 
number of SRBS recavered from flight as listed in ?&le 1. 
teners on the recovered units are at locations A and B in figure 6. The end 
of the ring at location A is termed the Itlong end", and the end at location 
B is termed the %hart end". 
the ring component as follows: 

A more detailed drawing of the ring is in figure 3. The 

Sheared fas- 

Specifically, s h d  fasteners occurred in 

(1) web/cap fasteners at both ends 
(2) web/tang fasteners at the long end 

The shear failures in the articles recavered from flight were thought to be 
the result of water impact loading and were considered benign. 
inspection of the attachment ring used in the JES 3B test in December 1986, 
however, revealed deformed fasteners in the same locations identified above. 
Furthennore, the loading conditions imposed in both the JES 3B test and in 
the earlier STA certification testing were not critical conditions for the 
attachrent ring. The axial SFU3 tension load imposed was  that developed by 
internal pressure alone. In flight, the axial load at the attachment ring 
is reduced from that caused by internal pressure because of nozzle thrust on 
the SRB. 
because of the Poisson effect in the shell wall. A more realistic loading 
situation could have caused even more shear damage in these tests. 
clear that the existing ring does not meet the requivement of no yielding at 
1.1 x limit load. 
eliminate negative margins of safety. United Space Boosters, Inc. (USBI) is 
developing a full 360degree ring design, and Langley -ch Center (LaRc) 
w a s  asked to supply an alternate concept for a partial ring. 

which is a cooperative effort by Systems Engineering Division, Structwes 
and Dynamics Division, and Materials Division at LaRc and Systems Dynamics 

Post-test 

This reduced axial load increases the tension load in the ring 
. 

It is 

It is necessary, therefore, to redesign the ring and 

The purpose of this report is to discuss the LaRC redesign activity 
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Wratory  and structures and proppilsion Laboratory a t  Em. The folluwirrg 
personnel are performing the technical work: 

Iangley Feieamh Center 

Systems Fagineerinq Division 
David H. B u t l e r  
Thornas C. Jones 
John C. Gustafson 
Obie H. Bradley, Jr. 
m i l l i p  J. Klich 
David C. -1s 
Robert B. Davis 
Donald C. A t h e a m  
Phillip L. Brcrwn 

S t n ~ c t u r e s  and Dynamics Division 
M a r t i n M .  W a s ,  Jr. 
Marks. Lake 
JohnT.  DoBy 
Harold G. wlsh 
L. David Wall 
W i l b u r  B. Fi&ter 

Materials Division 
James C. Newman, Jr. 

Marshall Space Flight Center 

systems DYE&- Laboratory S t r u c t u r e s  and Propulsion Laboratory 
Jan D. Dozier Sidney E. Rme 
RichanlE. Dotson Richard M. Jones, Jr. 
David A. Herda 
Robert E. Garrett 
Won  Wrllock 
Joseph A. Brunty 
w. Richard Bell 

2.0 DESIGN 

The overall goals of the redesign activity are to develop an alternate 
design of a partial ring having a safe l i f e  of forty missions, and, as much 
as possible, using existing hardware. 
are: 

Major detailed design requirementS 

-Maintain positive margins of safety with the follcrwing factors of 
safety: 

1.1 on limit load or yield 
1.4 on ultimate load 

-cambine mrst loads with appropriate uncertainty factors 
-Use internal loads f m  United !+ace Boosters, Inc. NASTRAN model 

-Fail-safe design for tang bolts 
-Provide thermal protection similar to existing design 
-Interface w i t h  ful l  360° ring a t  154.48O ard 341.30° splices 
-Design t o  26 psid crush and burst 
-conform to requirements contained i n  reference 1 

instead of Interface Requirements Document model 

Design loads used a t  LaRc are generated by the roll maneuver and are 
worst case loads. 
redesign effort and include appropriate uncertainty factocs: 

The follawing loads fram reference 2 are used in the 

-sRB loads 
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Internal pressure 912 pia 
Axial thrust, tension Fx = 12,400,000 Ib 
Y-shear Fy = -121,000 lb 
Z-Shear k =  - 99,000 lb 
Torque Mx= 300,000 in.-& 
Y-moment My = 32,000,000 b.-lb 
z-moment MZ = -38,000,000 in.-& 

-strut loads 

P(~o), carpression 
P(8),  tension 
P(9), tension 

117,000 lb 

147,000 lb 
112,000 lb 

The SRB loads apply at station X-1550. 
forward on the SRB. The axial load shum above is critical for this design, 
hmever, because larger axial tension reduces circumferential tension in the 
ring due to the Poisson ratio effect. 
contained in Appendix A. 

The axial load is larger farther 

Detailed discussion of loads is 

Material and fastener mechanical properties are as follaws: 

4340 steel, tensile modulus 
4340 steel, ultimate tensile strength 
4340 steel, yield strength, tension 
MP35N steel, 3/8 in. bolts, ultimate shear strength 16,000 l b  
MP35N steel, 1/2 in. bolts, ultimate shear strength 28,000 lb 

30,000 ksi 
180-200 ksi 

160 ksi 

These material properties are ltA1l values from reference 3. 
properties are fran references 4 and 5. 

180 ksi/l.4 = 128 ksitension in 4340 steel 
16,000 lb/1.4 = 11,430 lb shear in 3/8 in. bolts 
28,000 lb/1.4 = 20,000 lb shear in 1/2 in. bolts 

Fastener 
'kerefore, allowables are taken as: 

The design is required to pass a final certification analysis provided 

MSFC will verify that the redesigned ring and mtor case stresses 
by MSFC with a 
model. 
are acceptable under all appropriate loading conditions. 

certification finite element structural analysis 

3.0 DESIGN ASSUMPTIONS 

'IMo assumptions made in the design process are: (1) clamped metal-to- 
metal sealing surfaces are acceptable to prevent hot gas intrusion, and (2) 
classical stress concentration factors are not appropriate in calculating 
margins of safety for static strength. 
with aerospace industry practice when designing with ductile materials, 
which is the case here. In addition, the design is verified by testing 
structural elements. Further support for neglecting stress concentration 
factors in static strenqth design with ductile materials is contained in 
references 6 and 7. 

This second assumption is consistent 
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4.0 DESIGN CONCEPT 

'Ihe existing attachmnt ring configuration consists of webs, caps and a 

The basic concept of 
cover in a box cross-section configuration shuwn in figure 4. 
of the existing web for the ring is sham in figure 7 .  
the existing design is retained as much as possible in the proposed 
redesign concept. 
caps at each end of the ring to distribute fastener loads mre evenly. 
Anather important change is to fabricate w&s and caps as integral units at 
the ring ends. 
cap area, bearing stress, and fastener shear load requirements at the cap 
ends. 

A plan view 

The most significant change is to modify the webs and 

lkis change eliminates the difficult problem of satisfying 

The redesigned ring web concept is shown in figure 8 .  The reconfigund 
ends are spliced to the ring at 153.48O and 341.30° as sham in figure 8 .  
Splices also exist at these locations on the full 360-degree ring design. 
More detailed views of the ring web ends axe in figure 9. 
of a typical ring end is shown in figure 9(a). 
the long end and short end, respectively, are shown in figures 9(b) and 
9(c). 
Cc4nparhns b e t w e e n  the new and old designs for each end of the ring are 
displayed in figures 10 and 11. 
bolt holes in figures 10 and 11 are covered with a 0.10 in. thick shear web. 
A 2024-T8 aluminum bzlshing is located in the first bolt hole on each end of 
the ring. The bushings are anodized and pressed in place with a coating of 
wet polysulphide sealant to prevent galvanic corrosion. The bushings reduce 
the effective stiffness of the first bolt and prevent excessive loadirgs in 
these fasteners. The bushirg 
diameter of approximately 0.43 in. violates the mhhmm edge distance re- 
quirement of 1.5 x diameter to the plate w e .  
that the reduced w e  distance is acceptable. Two specimens (four ends) 
were successfully tested to bolt loads of 16,250 lb with the reduced edge 
distance and bushings installed. 

Beneficial features of the partial sRB/FT attachment ring concept 
canpared to a full ring concept are (1) easier installation on the vehicle 
and (2) retention of existing vehicle dynamic properties. 
of the proposed redesign are as follows: 

A magnified view 
Views of the web and cap for 

Views of the splices are shown in figures 9(d) and 9(e). 

The pockets sham between the first seven 

They would be replaced after each flight. 

T e s t s  were corducted to shw 

Specific features 

-stresses insensitive to bolt stiffness 
-uses same materials as existing design 
-all tang bolt loads are less than 11,430 lb 
-carry ultimate load with one bolt r-ed fm each end 

4.2 Transition Tunnel 

A new design is also proposed for the utility wiring transition tunnel 
which extends f rm the long end of the attachment ring to the system tunnel 
(see figs. 3 and 5). ?he proposed transition tunnel is sham in figure 12. 
?he major change is addition of expansion joints to prevent excessive load- 
ing of the tang fasteners or the systems tunnel. Calculations indicate a 
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stress problem if the proposed transition tunnel is attached in the same 
manner as the current design. The expansion joints introduce a possible 
leak path for external hot gases which must be sealed. 
the expansion joints are illustrated in figure 13. 

One hole among the seven in each tunnel element is circular, and the 
remainder of the holes are slotted to allow slippage during pressurization 
of the SRB shell. 
contained in Appendix E. 

Proposed seals for 

Each tunnel element extends over seven fastener holes in the tangs. 

Further details on the transition tunnel design are 

4.3 concept Verification 

Structural analysis is discussed in the subsequent section and 
presehted in detail in A p m c e s  as follcws: 

B. Global Linear and Nonlinear Analysis 
C. Ring Area Taper- Analysis 
D. Splice Analysis 
E. 
F. Margins of Safety 
G. Inelastic Analysis 
H. Fracture Mechanics Analysis 

n o  additional appendices are included in this report. 
generate data required for detail design are discussed in Ap?endiX I, and a 
weight statement is in Appendix J. 
analyses : 

FT/SRB Attach R i n g  Systems Cover Analysis 

Experbents to 

MSFC is responsible for the following 

-Thermal 
-Dynamic 
-Venting 

-Safety and Hazard 
-Flutter 

Responsibility for Qualification and Test Program is shared by MSFC and 
LaRC . 

A master schedule for the redesign effort is shown in figure 14. 
preliminary drawings will be produced by LaRC. 
drawings are listed by nmber and title in Table 2 .  
produced by MSFC. Hardware will be fabricated by McDonnell Douglas 
Corporation through contract with United Space Boosters, Inc. 

Currently exist- LaRC 
Final d r a w i n g s  will be 

5.0 sTETucIuRAT_I ANALIYSIS 

5.1 SRB Analysis 

Analyses performed in the redesign process include simplified analyses 
and finite element analyses. Fini te  element analyses are carried out With 
the computer programs EAL (ref. 8) and PAL I1 at LaRC and NASTRAN at MSFC. 
To give an idea of the relative importance of the loads on the SRE3 shell, 
stresses and displacements were calculated frcnn simple membrane shell theory 
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for a cylindrical shell with approximate dimensions of the motor case. 
Results are as f o l l m :  

-Dimensions and properties 
R = 72.5 in. 
t = 0.45 in. 
I = p i  x R**3 x t = 538,737 in.**4 
J = 2 x I = 1,077,473 in.**4 
E = 30,000,000 lb/h.**2 
G = 11,000,000 &/in. **2 
Material = D6-AC steel 

Stresses 
S1 = C i m n n f e r e n t i a l  stress = (p x R ) / t  = 146,933 psi 
S2 =Axial stress = w(2 x p i  x R x t) = 60,491 psi (min.)  
S 3  = Average shear stress = v/(2 x p i  x R x t) = 599 psi (max.) 
S4 = Bending stress = ( M z  x R ) / I  = 5,935 psi (max.) 
S5 = Torsional stress = (Mx x R ) / J  = 279 psi 

-Radial displacemnt 
Del ta  R = ( E , )  x (S1 - v S2) = 0.3097 h. 

To understard haw stresses are developed in the ring through pressure 
loads on the SRB, finite element analyses were performed on a model repre- 
senting a segment of the SRB including the existing attachment ring 
camponent. 
element model is illustrated in figure 15. 
for this model is sham in figure 16. 
in. long, and the upper end of t h i s  model is a t  the center-line of the 
attachment ring. 
the model a t  this location. 
segment of the SRB. 
station 1511.0 and the top and bot tm of the model are a t  SRB X-stations 
1476.5 and 1545.5 respectively. The f ie ld  joint located a t  about SRB X- 
station 1491 is not included in t h i s  model. 

Details of this work are contained in m i x  B. The f in i t e  
The plan view of the ring web  

The model sham in figure 15 is 34.5 

The model, therefore, simulates a 69-inch long 
In the calculations, symmetry constraints are applied t o  

me attadment ring center-line is located a t  SRB X- 

The model displayed in figure 15 contains 2,189 plate  elements, 328 
beam elements, and about 13,000 degrees of freedam. 
for  a linear analysis requires 30 CRJ minutes on a Cyber 175. 
w a s  performed for internal pressure loading only. 
included. 
ends of the  ring very strongly. 
lustrated in figure 17. 
element analyses are presented in figure 18 for  section A-A and i n  figure 19 
for  section B-B (see fig. 16). The analytical solution listed in figure 19 
is simply the  ciKumferentia1 stress frm membrane theory of shells. 

one calculation was performed for the case where a simplified model of 
the f ie ld  joint was added t o  the f in i t e  element model. 
element model is symmetric about the attachment ring center-line, the f ie ld  
joint w a s ,  in effect ,  added on both sides of the attachment ring. 
f m  t h i s  calculation are conpared i n  figure 20 with with results for  the 
case of no f ie ld  joint (fig. 18). The effect of the f ie ld  joint on these 
stresses is negligible. 

A typical cmputer run 
This analysis 

Strut  loads were not 
It turns out that strut loads do not influence stresses a t  the 

Applied loads for  t h i s  analysis are il- 
Typical linear elastic stresses from these f i n i t e  

Since this f i n i t e  

R e s u l t s  
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Limited nonlinear calculations were made using the finite element model 
Results for linear and nonlinear radial displacements of figures 15 and 16. 

are shown in figure 21, and a brief suna~lry of results for linear and non- 
linear circumferential stresses is shown in figure 22. 
nonlinearity on local benaing stresses in the tang at the end of the web on 
the short end of the attachment ring are shown in figure 23. 
analysis on a 136 in.-long segment of the SRE3 including the existing attach- 
ment ring at SRB X-station 1511 and the field joint at SRB X-station 1491 
are contained h reference 9. In this work, another finite element Computer 
program is used (STAGSC-l), and both linear and nonlinear calculations are 
performed. Results in reference 9 show high fastener loads at the ends of 
the ring and also display additional lhear/nonlhear camparisom. 

They indicate the significance of the axial component of pressure load, show 
that nonlinear effects are not of major global importanOe but can be of 
local importance, and supply data for the simplified analysis discussed in 
the next section. 

Effects of 

Additional 

All these calculations are for the existing partial attachment ring. 

5.2 Ring Analysis 

5.2.1 Simplified Analysis for Sizinq.- A simplified ring bolt load analysis 
w c s  developed to gain understardiq of how load feeds into the ring through 
the bolts, to provide an efficient and consewatiw malysis tool for resiz- 
incj the ring web, and to contribute to certificatioii of the design concept. 
DeL3ils of this work are contained in Appendix C. The basic elements of the 
method are illustrated in figure 24. 
developed. In the first version, illustrated in figure 25, the bolts are 
assumed rigid, and the ring webs are assumed rigid in shear. 
version, illustrated in figure 26, bolt flexibility and shear flexibility 
(or shear lag) in the webs are accounted for. By using these simplified 
methcds, a cross-section area profile can be calculated for a given bolt 
load distribution, or bolt loads can be calculated for a given cross-section 
area profile. Based on the rigid bolt and zero shear lag flexibility as- 
smptions, for a uniform bolt load distribution of 10,000 lb per bolt, the 
ring cm.ss-section area was dculated. Results are Shawn as the optimum 
ring in figure 27. 
Calculated bolt loads for these two cases are shown in figure 28. 
bolt and shear lag flexibilities are accounted for, the ccnrrparative area 
profiles arle sham in figure 29. A comparison of bolt loads for these two 
cases is s h c m  in figure 30. T h e s e  results indicate that drastic reduction 
in ring cross-section area is required near the ends to keep bolt loads at 
or less than the 10,000 lb level. The value of 10,000 lb was selected fcr 
early calculations. 
specified to be less than 8,500 lb, as discussed in Appendix C. 

5.2.2 Planar Finite Clmc.nt Models.- For more refined analysis, a series of 
two-dimensiona1 and three-dimensional planar finite element models of the 
ring were developed. In these models the cuwature of the ring is neglected 
as in the simplified methds. Examples of these models are sham in figures 
31 and 32. The two-dimensional model represents the case wall by a line of 
bar elements with an cffcctive area and is less demanding of computer 
resources ard turn around time than the three-dimensional model. Therefore, 
ccmprisons were made between these two models to determine the best value 

TWO versions of the method were 

In the second 

Existing ring area is also shown in figure 27. 
When both 

For the Linal proposed concept, bolt loads were 
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of effective shell area and to validate the two-dimensional model for design 
iterations. 
remain straight along the length. 
cate an effective shell area of 6.5 in.2 gives reasonable agreement at the 
end of the ring where loads are most critical. 

In these calculations the bottom of the ring is constrained to 
R e s u l t s  are shown in figure 33 and indi- 

Results from the two-dimensional planar model were cconpared with 
results f m  the mFc 
similar to but mre refined than the shell segment model discussed in the 
previous section of this report. canprison is shown in figure 34 where 
Itfixed shellIt refers to the planar model in which the ring is constrained to 
remain straight along the length and "free shelltt refers to the planar model 
in which no such constraint is imposed. These planar models, therefore, 
bound the results; and the ttfixed shell1# planar model should lead to 
designs having bolt loads greater than would be obtained using the MSFC 

certification finite element model, which is 

certification model. 

The two-dimensional planar finite element model w a s  then refined to 

This refined finite element model is compared with an 
represent mre accurately the actual proposed redesign concept for the ends 
of the ring webs. 
actual design in figure 35. The design shown in figure 35 is not the final 
proposed concept, however, analysis of the design revealed useful 
data. Calculations were made w i t h  the refined planar model, and results for 
bolt loads are shown in figure 36. 
tlfixed shell1t constraints in whi& the bottom of the model is constrained to 
remain straight along its length. The curves labelled Ittang boltsll and %ap 
boltstt in figure 36 refer t o  the refined model. The curve labelled 
"previous iteration" refers to the original two-dimensional planar model. 
All these calculations are based on a bolt shear stiffness of 1.3 x 
10 
of this report and in Appendix I. 
able load of 11,430 lb. 

These results are for the so-called 

6 lb/in. which was measured in experiments discussed in the next section 
All bolt loads are less than the allm- 

The final proposed concept differs frcm the design in figure 35 in two 
major ways. 
hole as indicated in figures 9, l0,and 11, and the cap and web were in- 
tegrated to eliminate cap bolts. 
updated to the final proposed concept, because detailed analysis was under- 
taken on the mFC NASTRAN certification model as discussed in Appendix c. 

5.2.3 Sensitivity to Bolt Shear Stiffness.- To obtain an estimate of the 
sensitivity of these results to bolt shw stiffness, calculations were made 
for the redesigned ring with bolt shear stiffness of 2.0 x lo6 ~b/ in .  
m l t s  of these calculations are compared with the previous results for 
bolt shear stiffness of 1.3 x 10 lb/in. in figure 37. If the shear stiff- 
ness of all bolts changes uniformly, then, bolt loads are not strongly 
influenced by bolt stiffness. changes in stiffness of individual bolts can 
influence bolt loads, however, and this fact is exploited by use of bushings 
in the first fastener hole at each end (see Appendix C) . 
5.2.4 Sinule Bolt Failure.- To SimUlate the Single bolt failure condition, 
calculations were perfoxmed for situations in which a single bolt in the 

A fastener hole w a s  added between the end hole and the s,econd 

This planar finite element model was not 
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pattern is removed. Results are sham in figure 38 for cases in which the 
first bolt, the second bolt, and the third bolt have failed. 
bolt loads are less than bolt ultimate shear strength of 16,000 lb showing 
that all these single bolt failure situations are fail-safe. 

5.2.5 Out-of-Round Motor Case.- An analysis was made to understand effects 
of mounting the attachment ring to an out-of-round motor case. 
shaps for out-of-roundness can be represented by the geametry shown on the 
left-hand side of figure 39. The analysis model consists of the web and cap 
of the attachment ring and includes the first 40 tang fasteners (counting 
from the ring tip). The bottom of the ring is modeled as a circular arc, 
and the piece is assumed to be cantilevered frcnn the right-hand end as shown 
on the right-hana side in figure 39. Radial displacements are applied at 
the 40 fasteners acceding to the fonnula on the left-hand side of figure 
39. These displacements move the circular arc ring into the deformed 
gemetry. The reaction lcads to these displacements represent shear loads 
in the bolt fasteners. For the case of a tip displacement of 0.1 in., the 
shear loads in the first 38 bolts are plotted in figure 40. The loads in 
bolts 39 and 40 are not shown in figure 40 because they are thought to be . 
unrealistic--the cantilever boundary condition does not properly model the 
ring behavior in that region. 
with respect to tip displacement, so the data can be used to calculate bolt 
loads caused by known or estimated out-of-round conditions. 
two SRBS reported in reference 10 indicate that ti i m h t i p  deflection 
for the model in figure 39 could be as much as 0.2 in. 

5.2.6 Certification Model Ana1vsis.- The redesigned partial ring has been 
incorporated into the MsFC NASTRAN certification model mentioned previously. 
Analyses with this model account for shell cunrature effects and strut load 
effects. The a l d m  bushing in the first fastener hole is accounted for 
in this model by reducing the effective shear stiffness of the first bolt to 
0.6 of the baseline stiffness. 
obtained frm experhsnt and discussed in Appendix I. 
analyses are shown in figures 41 and 42. 
redesigned ring are compared with those for the existing ring. 
for the redesigned ring are less than about 8,500 lb. 
loads for the redesigned ring are shcwn for the cases of pressure and strut 
loads and pressure only. 
loads near the ends of the ring. To get some idea of the effect of changing 
stiffness of the first bolt, results are sham in figure 43 for stiffnesses 
of 0.4, 0.6, and 0.75 times the baseline bolt stiffness. Only the stiffness 
of the first bolt is varied in these calculations. 
analyses show bolt shear loads distinctly below the allowable of 11,430 lb. 

5.2.7 Other Analyses.- Analysis cf the Splice joint is presented in 
Appendix D. 
safety are presented in 2 ’ 4 ~ ~  d i x  F. 
effects of plasticity is presented in Appendix G, and fracture mechanics 
analysis is contained in Appendix H. 

All remaining 

A likely 

The response shown in fiq-ure 40 is linear 

Measurements of 

This value is consistent with the values 
Results f m  these 

In figure 41 bolt lcads for the 
Bolt loads 

In figure 42 bolt 

strut loads have negligible effect on the bolt 

Results of all these 

Analysis of the tranr;tion tunnel is in Apj?endix E. Margins of 
A failure analysis accountbg for the 
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6.0 

Experiments were performed to measure: (1) stiffness of ring web end 
component configurations, (2) shear stiffness of bolts, (3) modulus of basic 
material and (4 )  behavior of deformable bushing in end hole. 
discussion of experiments is contained in Appendix I. 
the ring web end canponmt stiffness measumen t s  is sham in figure 44. 
Experiments were performed on dqbom spechem, sculptured thickness or 
scalloped specinens, and double bar specimens. Dimensions of these 
specimens were typical of those for the end section (first section) of the 
ring design. 
figure 45 (for double bar spechen). 
single-shear test specimen. 
configurations and shear stiffnesses for the bolts are presented in figwe 
46 for the double bar, scalloped, and dcgbone -hens. 
ness data are plotted in figure 47. 

with four bolts in each test. 
strength of 16,0120 lb which was used in all structural analysis. 
modulus of 4130 chr(nne-mly steel was measured as 29,800 ksi, very close to 
the handbook value of 30,000 ksi used in the structural analysis. 

essentially to reduce the effective shear stiffness of the end bolt. 
R e s u l t s  of tests using aluminum bushings are shown in figure 48. 

Detailed 
The test fixture for 

A typical plot of deflection as a function of load is shuwn in 
Bolt shear stiffness was measured in a 

Results for extensional stiffnesses for the end 

Bolt shear stiff- 

Average ultimate shear strength of bolts was lneasurd in five tests 
Result was 17,500 lb, higher than the 

Young's 

Effect of the deformable bushing in the end hole in the ring web is 

7.0 MATERIALSANDFABRICATION 

The primary requirement for the ring web runout is that under load it 
deflects with the SRB tang while limiting the loads generated in the at- 
tached bolts to a prescribed level of <11,430 lb. 
driven the design such that the cross sectional area of the web between the 
last three or four bolts, and the last two bolts, in particular, are the 
m s t  critical in controlling bolt loads and are the mst highly stressed 
areas. 

This requirement has 

Prior to incorporation of the deformable bushing in the end bolt hole 
of the ring, the preferred configuration was a double beam concept w i t h  no 
center shear web as shuwn in figure 49. With this design there w a s  concern 
with respect to the fabrication of the rbg end. The problem was that the 
critical cross sectional areas were physically small (0.0417 in.2) and with 
a high average stress across the area (120 ksi) . The load in the web be- 
tween the bolts is prkily tensile resulting in a l- relationship 
between area and stress for a given load. 
variations resulting from either material discrepancies or fabrication 
process tolerances, which would normally be ignored, have significant ef- 
fects on the critical cross sectional area. 

As a result small dimensional 

The web cross section area then becames the principal item t o  be ad- 
dressed in investigating the effects of materials and processes in the 
production of the part. The goal is to hold the variations due to both 
materials a d  fabrication processes to within +/-7%, with the machining 
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tolerances held to maintain the cross sectional area to within +/-5% of 
nominal value. 
+/-0.005 in. in the most critical areas. 

Incorporation of the deformable bushing in the end hole of the ring web 
allowed the addition of a shear web between the two tensile beam members and 

2 an hcre%se in the total cross sectional area from 0.0834 to 0.183 in. 
With no &age in the +/-5% area tolerance criteria, it would be expected 
that the fabrication tolerances auld be haeased . Becauseof thecross 
section gemetry, however, the machining tolerances do not change and have 
to be maintained at +/-0.005 in. in the mDst critical areas. 
level, while fairly precise for this size part, can be achieved with 
reasonable care. 

This goal results in dimensional toleram=es on the order of 

This tolerance 

7 . 1  Materials 

The major candidate materials are AISI 4130 and AISI 4340. 
choices are based on the fact that both alloys can be heat-treated to ade- 
quate strength levels, and both alloys are used as primary structural 
materials in the existing ring design. 

7 .1 .1  Material Strensth .- The existing web uses AISI 4130 procured to MIG 
S-18729. The web itself is heat-treated per MIL-H-6875 to 180-200 ksi 
ultimate strength, with no minimum yield strength specified (ref. 11). 
Subsequent web drawings for the USBI 360-deg-ree ring improved on the 
specification by requiring a minimum yield strength for this material of 163 
ksi (ref. 12) .  other elements in the ring construction, such as splice 
plates, are also fabricated from 4130 but heat-treated to a lower strength 
level (ref. 1 3 ) .  

treat& per MIL-H-6875. 
170-190 ksi ultimate, with a minimum yield of 145 ksi (ref. 1 4 ) .  

7 .1 .2  Material Cleanliness.- Both materials are classified as %kcraft 
Quality Steelst1 by their appropriate MIL Standards  and both Standards call 
o u t m  2301 as the guiding document for specifying material cleanliness. 
The parts lists for the existing ring specify the methd for magnetic par- 
ticle inspection and add the limitation that %o crack-like indications are 
allowed11. This limitation tightens the AMS 2301 specification considerably, 
since flaws up to 1 .5  in. long are allowed under the basic requirements. 
AMS 2301places a lmer limit of 1/16 in. on the size of indication to be 
noted in inspection. Therefore, it is assumed that a worst case inclusion 
of 1/16 in. in diameter can be considered to exist randamly within the 
material as currently specified. 

7.1.3 Material Uniformity.- All steels, as a result of hot processing, 
exhibit decarburization of material nearest the surface. Since carbon 
content is the primary agent that all- the heat treatment for both steels 
to occur, significant surface decarburization does not allow the desired 
strength of the material to be achieved across the full section. 
Specifications on decarburization for the materials are found in t w o  places, 
the materials specification for "as rolled" stock, and MIGH-6875 for the 

These 

The existing ring cap is fabricated from an AISI 4340 forying and heat- 
The specified strength after final stress relief is 
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heat treatment of finished material. 
the web of the ring the maximum allowable hardness difference between the 
outer surface and the center of an quenchedf8 specimen is 2 points on the 
Rockxe11 A d e  or 4 points on the -1 C scale. 
condition this situation could result in a local variation in tensile 
strength across the thickness of approximately 15 ksi fm the center to the 
outer surfaces. 

In the thickness of the 4130 used for 

In the tempered 

Generally, other parts making up the ring assembly are machined down 
from thick stock, effectively renwving the decartxlrized layer. 

7.1.4 Material Tolerances.- @ l A s  rolledl* material thickness tolerances are 
generally liberal. 
design, the thickness tolerances are found in the Aerospace Material 
Specification AMs 2252C and are specified as: 0.250 in. +0.016 h.,-O.OlO 
in. 

In case of 4130 plate specified for the existing web 

7.1.5 Effects of l3cistins Material on LaRC Desicm C0nceDt.- Table 3 
presents the effects of only material variations on the m i n h  section ared 
of both the earlier double beam ard the final bushed concepts. 
broken aut for each of the sub-arw making up the cross-section (figs. 49 
and 50) as well as the total area ard reflects the effect of using the 
materials specified for the existing design in each of the two concepts. 

thickness material (where applicable) and holding all machined dimensions at 
their rxaninal values. 
sumning of the worst case conditions. 

The conclusion is that the material as specified for the existing 
design does not Support a +/-7% ared tolerance criteria for the double beam 
design but that it might be useable for the bushed design. 

the subareas. 
bolt pads at the ends of the beams, and there is no capability to 
redistribute stresses between the areas in the sent of a material flaw. 

The data is 

The thickness tolerance column represents the effects of using stock 

!the % Wtal Variation column represents simply a 

The critical values for flaw size on the double beam concept are for 
'Ihese areas have no connection with each other except at the 

7.1.6 Effects of Immed Material Cleanliness.- Within the Military 
Specification System there is another quality level of steels called Premium 
Aircraft+uality. 
electmslag remelted steels with significantly impravea cleanliness require- 
ments as called out in Aerospace Materials Specification AMS 2300F. 
minimum size of indication under this specification is 0.015 in. 
is a factor of sixteen improvement over the standard specification and 
reduces the Total % Variation to levels shown in Table 4. 

These steels are consumable electrode remelted or 

The 
This size 

7.2 Fabrication 

7.2.1 
of dimensional fabrication tolerances on the critical areas of the various 
concepts. 
was used for the 0.250 in. dimension and all other machined dimensions were 
assumed to be at their nominal value. A shple analysis was undertaken to 

Fabrication Tolerarce Effects.- Tables 3 and 4 do not include effects 

For these two tables the tolerance of the @Ias rolled" material 

12 



determine the m a x M  tolerances that could be used and still maintain the 
critical area for each concept within a given percentage (in this case +/-5% 
w a s  allocated to fabrication tolerances). 

The most sensitive cross section in the LaRC design is shown in section 
in figure 50. 
A1, %, and %. 
simplifying assumptions are made: 

This section can be considered to consist of three areas 
For a first order estimate of the allowable tolerance, two 

o The area tolerances for each area is held to the same percentage of 
area as required for the total section. 

o The tolerance on a given dimension is held to a constant percentage 
of that dimension. 

For a single rectaqular section the equation takes the form 

A + DA = (h + dh) x (t + dt) 

where : 

A = nominal area 
D = area tolerance 
h = nominal height 
t = nominal thickness 
d = dimension tolerance 

Solving for D: 

2 D = 2 d + d  

For the mall percentages under consideration for this problem the second 
order term can be ignored and 

d = D/2 

Therefore, for a 5% allowable area variation the linear dimensions should be 
held to within 2.5% of the dimension. 
IaRC concept are presented below. 

The results of this analysis for the 
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Area 'Ihickness Tolerance Height ToleranCe 
Dimension Dimension 

in. in. in. in. 

0.250 0.0062 0.210 

0.250 0.0062 0.210 
0.100 0.0025 0.780 

A1 
A2 
% 

0.0053 

0.0053 

0.0195 

A tolerance of +/-0.005 h. is generally considered to be a reasonable 
l c w e r  limit for conventional machining practice on a part the s i z e  of the 
ring web w i t h  a tolerance of +/-0.010 in. or looser being desireable. 
thin shear web requires the closest control of thickness because of the 
constant percentage assumption. A l l  dimensions, & e p t  for the shear web 
height, require careful quality control t o  assure the areas are w i t h i n  the 
5% criteria. 

'Ihe 

The t ight tolerance on shear web thickness w a s  considered unacceptable. 
Since al l  other dimensions, except for the height of the shear web, carried 
tolerances already close to a reasonable lMt, an attempt was made t o  
balance the tolerances for the shear web moss sectional area alone. 
By solving for the case where both the height and thickness tolerances are 
the same 

A + M =  (b+%) x (h+%) 

where 

dt = absolute dimensional tolerance 

Then 

A + I1A = bh + + + %2 

2 = A + % ( b + h )  + d t  

M = $(b + h) + dt2 

By ignoring the second order tenn and solving for % 
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2 dt = DA/(b + h) = (0.05 x 0.078 in. )/(0.10 in. + 0.78 in.) = 0.0044 in. 

This result is still lower than desired. 

A final case was run where all dimensions making up the total cross 
sectional area carried the same tolerance. 
shown above resulted in a general tolerance for this cross sectional area of 
+/-0.005 in. as &own in figure 51 and Table 5. 

required in the local area near the end of the ring. As the web cross 
sectional area increases tawards the splice area the tolerances are in- 
creased up to a relatively loose value of +/-0.020 in. (ref. 15). The 
relatively close tolerances on the dimensions of the ring ends are achiev- 
able in practice but require mre precision machining techniques than have 
been used in fabrication of the existing design and will increase cost. 
Itas rolledtt tolerances are outside of the tolerance necessary to meet the 
+/+% area requirement, and it is necessary to machine the web thickness 
f m  heavier stock. 

An analysis similar to that 

The tolerance requirement is closer than desired; however, it is only 

The 

For purposes of comparison, the results of a similar analysis on the 
double beam concept is included on Table 5. &hes the applicable 
material variations with the fabrication tolerances for a Total % Variation. 

Table 

The +/-5% area tolerance requirement was reexamined to determine if 

In figure 52 net section stress along the web 
changes made in the design since establishing the criteria would permit the 
use of a wider tolerance. 
is plotted starting at the first bolt. 
around the third bolt and fourth bolt the +/-5% tolerance is still required 
since stresses are still within 90% of the allowable stress of 128 ksi. It 
is reccnrrmended that tolerances be held to support +/-5% of n h a l  cross 
section area up to bolt 5. Beyond bolt 5 the area tolerance can be in- 
creased to +/-lo%. 

7.2.2 
replicatirg various ring and gemetry concepts were fabricated at LaRC from 
AIS1 4130. The specimenS were full size areas replicating the profile over 
a two to four bolt spacing on the ring end. 

existing web. 
finished dimensions, hardened and tempered to 180-200 ksi ultimate strength. 
The results were varied, but generally there w a s  significant warpage in the 
parts. The worst problems occurrd on nonsynnnetrical sections 'where 1/4 in. 
out-of-plane baws aver the specimen length of 4.5 in. were noted. Improved 
circulation in the water quench and other changes such as quench insertion 
attitude improved the condition but not to an acceptable level. The final 
solution w a s  to harden and temper thicker plate stock and machine to the 
final dimension in the heat treated state. 

The indication is that in the area 

Test Sample Fabrication Exw rience - A large number of test specimens 

Initially, the material used was 1/3 in. plate similar to that in the 
The first parts were machined f m  annedLed stock to the 
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I 
I 

i) 
I 

A set of the more syn’anetrical-configuration samples machined in the 
annealed state were sent to a local caarmercial heat treating facility. 
warpage on these parts was low emqh to be acceptable. 

The 

Rre major cause of warpage appeared to be the water quench necessary to 
achieve hardness with a shallaw-hardening steel such as AISI 4130. 
unsuccessful attempt was made to oil quench the material because of a feel- 
ing that the 1/4 in. plate thickness would cool rapidly enough to achieve 
full hardnes. 
been involved in the fabrication of the existing ring indicated that similar 
pmblents existed during production. 

company, suggested that consideration be given to use of AISI 4340 as a 
material for the web rather than 4130. 
is that 4340 is a much deeper hardening steel than 4130 and can be oil 
quenched to achieve the necessary hardness. 
straightening if there is warpage. 
to use an intermediate molten salt quench before final quench to roan 
tanperature. 

An 

lklecons with USBI and MSmnell Douglas personnel who had 

In search for an acceptable solution, P. Nunn, Lockheed Georgia 

The main reason for the suggestion 

It also lends itself to temper 
Another alternative to reduce warpage is 

An additional advantage to 4340 vacuum remelt is that it is available 
in plate form. 
specification at the r a w  stock level. 

Finally, although there would be a pmblem with capnpliance to EISFC- 
SpEc-522A, AISI 4340 can be heat treated to higher strength levels than AISI 
4130 with little loss in ductility. This situation provides an added mryh 
in the web material. 

This material is then inspected to the tighter AMS 2300 

One problem with 4340 is that, because it is such a deep hardening 
steel, there is a tendency to reform martinsite at surfaces machined after 
Wing due to high tool/workpiece interface temperatures. This situation 
can be avoided by use of light final machining cuts, sharp tooling, and 
heavy coolant flaw. 

IaRC is procuring 4340 plate to fabricate test samples of the proposed 
configuration and develop the optimum heat treat procedure. 

7.3 Recammendations 

As a result of the examinations into the materials and processes as- 
sociated with the attachment ring, the follawing recammendations are made: 

o U s e  material inspected to the cleanliness requiraent of 2300. 
This action can be done either by procurement of vacuum remelt 
plate, electro-slag remelt plate, or by selective inspection of 
regular plate. 

procedure eliminates the potential of a decarburized surface layer 
and provides tolerance required to maintain the web area profile. 

o Fabricate the new web sections f m  AISI 4340 rather than AISI 4130. 

o Machine the web from heavy plate to the final thickness. This 
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l 
o Proposed fabrication process: 

attachment holes). 
Finish machine part f m  normalized plate (except mating tang 

Austinitize and oil quench to rwm temperature. 

Snap temper to 40OoF. 

Temper straighten to 180-200 ksi. 

Drill mating tang attachment holes on assembly fixture at 

o U s e  fabrication tolerances to support a +/-5K% area variation over 
the first 5 bolts on each ring end. 

o U s e  magnetic particle inspection on material between the ring end 
and the fifth bolt on each end prior to final machining, and after 
final machining. Magnetic particle inspection of this area 
should be made as part of the refurbishment procedure after each 
use of the ring. Indications laryer than 0.03 in. should be cause 
for re j &ion . 

mDOnne11 Douglas. 

8.0 @ 3 N W S I O N S  AND RE-TIONS 

An improved concept for the solid rocket booster/external tank partial 
attachment ring is presented. 
concept are contained in Appendices. 
been conducted. 
tribute bolt loads safely. 
in the ring, in the solid rocket booster shell wall and tangs, and in all 
fasteners. 
ness and strength of tapered ring ends and fasteners. 

Design and analysis studies to support the 
Materials and fabrication studies have 

stress analysis shms positive margins of safety 
The ring must be carefully tapered at the ends to dis- 

Data has been generated from element tests to determine stiff- 
It is recommended 

that: 

(1) 

(3)  

(4) 

additional element tests be performed to confirm material 
strength and fatigue behavior 

analysis by MSFC 

possible 

steel and machined out of thick stock 

the concept be subjected to complete 

hardware implementation of the concept be started as soon as 

the ring ends be fabricated of 4340 pr&m quality aircraft 

certification test plans be completed 

certificat’on tests be performed at MSFC 

rings be inspected for cracks after each flight. 

certification 
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TABLE 2 

LANGLEY DRAWING NUMBERS AND TITLES 

LB 158045 BUSHING, TEST CONFIGURATION 
LE 158047 WEB/CAP, LONG END, FLIGHT 

048 WEB/CAP, SHORT END, FLIGHT 
049 BUSHING AND INTERCOSTAL, FLIGHT 
050 ASSEMBLY, FLIGHT 

087 CHANNEL ASSEMBLY 
LE 418086 TRANSITION TUNNEL ASSEMBLY 

088 LEFT AND RIGHT 
089 LEFT AND RIGHT 
090 LEFT AND RIGHT 
091 COVER PLATES 
092 JOINT MOUNTING 
093 JOINT ASSEMBLY 
094 JOINT DETAILS 

TERMINAL COVER ANGLE ASSEMBLIES 
COVER ANGLE ASSEMBLIES 
TRANSITION ANGLE ASSEMBLIES 

ASSEMBLIES 

095 TRANSITION CHANNEL ASSEMBLIES 
096 SHIM DETAILS 
097 AIR DAM ASSEMBLIES 
118 TUNNEL CLOSURE ASSEMBLY 
119 LEFT AND RIGHT CLOSURE ANGLE ASSEMBLIES 
120 WEB CAP COVER 
1 2 1  CLOSURE CHANNEL ASSEMBLIES 
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TABLE 3 

EFFECTS OF EXISTING MATERIAL SPECIFICATIONS 
ON MINIMUM SECTION AREAS 

Minimum 
Dimensions 

in. 

0.25x0.166 

0.25x0.166 

Design Sub - arei +- Shear With No Web 

Minimum 
Area 
in. ̂2  

0.0415 

0.0415 I A2 

0.25x0.21 

0.78x0.10 

0.25x0.21 

2-Bar I 0.0525 

0.0780 

0.0525 

Bushed 
With 

I 

I 

Total Area 0.1830 

0.06 Max. 
Inclusion 

% Area 

- 6.8 

- 6.8 

- 5.4 

- 3.6 

- 5.4 

- 1 . 5  

Thi ckne s s 
To l e  rance 

% Area 

- 4.0 
+ 3.2 
- 4.0 
e 3.2 

- 4.0 
+ 6.4 
0.0 
0.0 

- 4.0 
+ 6.4 
- 2.9 
+ 4.7 

Total 
Variation 

% Area 

-10.8 
+ 3.2 
-10 .8  
+ 3 . 2  

- 9.4 
+ 6.4 

- 3.6 
0.0 

- 9.8 
+ 6.4 
- 4.4 
+ 4.7 

(I) Actual T o t a l  Area Is 0.185 in.^2 
Corner Radii Not Included in Table 
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TABLE 4 

CONSUMABLE ELECTRODE VACUUM REMELT OR ELECTROSLAG REMELT STEELS 
TO AMs 2300F CLEANLINESS 

Design 

Double Bea 
With No 

Shear Web 

2 - B a r  
Bushed 
with 

Shear Web 

ub-area 

A 1  

A2 

A 1  

A3 

A2 

Minimum 
Dimension: 

i n .  

0.25x0.16t 

0.25x0.16t 

0.25x0.2 1 

0.78x0.10 

0.25x0.21 

Minimum 
Area 

i n .  ̂ 2  

0.0415 

0.0415 

0.0525 

0.0780 

0.0525 

0.016 Max. 
Inclusion 

% Area 

- 0 .5  

- 0 .5  

-0.38 

-0.26 

-0.38 

Total  A r e a  0.1830 (1) -0.11 

Thickness 
To l e  ranc e 

% Area 

- 4.0 
+ 3.2 

- 4.0 
+ 3.2 

- 4.0 
+ 6.4 

0 .0  
0.0 

- 4.0 
+ 6.4 

- 2.9 
+ 4.7 

Total  
rariat ion 

8 A r e a  

- 4.5 
f 3.2 

- 4.5 
+ 3.2  

- 4 .4  
+ 6.4  

- 0 . 3  
0.0 

- 4 .4  
+ 6.4 

- 3.0 
+ 4.7 

(1) Actual Total  Area Is 0.185 in . ^2  
Corner Radii Not Included I n  Table 
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TABLE 5 

Area h 
Nominal Nominal 
in. "2 in. 

I 

A1-0.0415 0.0166 

A2=0.0415 0.166 

AT-0.083 

h 
Tolerance 

0.005 
-0.005 

0.005 
-0.005 

0.005 
-0.005 

t 
Nominal 
in. 

0.25 

0.10 

0.25 

% Nominal 
Area 
in. "2 

104.43 
95.67 

105.67 
94.39 

104.43 
95.67 

104.96 
95.12 

- 

EFFECT OF UNIFORM DIMENSIONAL TOLERANCES 
ON MINIMUM SECTION AREAS 

Double Beam With No Shear Web 

F- ~ Nominal 

in. 

Max/Min 
Area 
in. "2 

% Nominal 
Area 
in. "2 

h 
Tolerance 

t 
Tolerance 

0.005 
-0.005 

0.005 
-0.005 

0.005 
-0.005 

0.005 
-0 .005 

~ 

0.0436 
0.0394 

0.0436 
0.0394 

105.07 
95.05 

105.07 
95.05 

0.25 

0.25 

0.0872 
0.0789 

105.21 
95.17 

2-Bar With Shear Web 

t 
To 1 erance 

in. 

~~~ 

Max/Min 
Area 
in. "2 

h 
Nominal 

in. 

Area 
Nominal 
in. "2 

A1=0.0525 

A3=0.0780 

A2-0.0525 
i - 
AT=0.1830 

0.21 

0.78 

0.21 

0.005 
-0.005 

0.005 
-0.005 

0.005 
-0.005 

0.0548 
0.0502 

0.0824 
0.0736 

0.0548 
0.0502 

0.1921 4 0.1741 

(1) Actual Total Area Is 0.185 in."2 
Corner Radii Not Included In Table 
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TABLE 6 

Total 
Jariation 

% Area 

-4.72 
4.43 

-5.87 
5.67 

-4.72 
4.43 

-4.99 
4.96 

Area 

A1 

A3 

A2 

AT 

VARIATION IN AREA DUE TO MATERIAL CLEANLINESS 
AND FABRICATION TOLERANCES 

2-Bar Bushed Concept AME 2300 Level Cleanliness 

Nominal 
Dimens ion 

in. 

0.25x0.21 

0.78x0.10 

0.25x0.21 

Nominal 
Area 
in. "2 

0.0525 

0.0780 

0.0525 

0.1830(1 

~ 

1.016 M a x  
nclus ion 
% Area 

-0.38 

-0.26 

-0.38 

-0.11 

Fabrication 
Tolerance 

% Area 

-4.33 
4.43 

-5.61 
5.67 

-4.33 
4.43 

-4.88 
4.96 

(1) Actual Total Area Is 0.185 in.^2 
Corner Radii Not Included In Table 
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- Y  

LEFT HAND SRB/ET RING STRUCTURAL DAMAGE 
SHUTTLE FLIGHT 61C 

RING/MOTORCASE BOLTS - ONE (1 )  SHEARED ON FORWARD, THREE ( 3 )  SHEARED ON 

S I X  (6)  SHEARED ON FORWARD (PAINT CRACKED TO 1 3 T H  

AFT. 

BOLT) ONE (1) SHEARED ON AFT. 
(CLOSEOUT ANGLES SHEARED OFF ON BOTH SIDES) 

CAP/WEB BOLTS - 

( T H I S  IS FIRST FLIGHT THAT CAP/WEB BOLTS SHEARED ON T H I S  END OF THE RING)  

\ 
+z 

/ -1  \ 

L E F T  HAffD E.T. R I N G  

' u-' ) (LOOKING F0WkP.D) 

+ Y  

CAP TO WEB BOLTS - FORWARD - F I V E  (5) SHEARED, P A I N T  CRACKED TO EIGHTH BOLT 

AFT - F IVE (5) SHEARED, P A I N T  CRACKED TO NINTH BOLT 

Figure 6. 
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TRANSITION TUNNEL EXPANSION 

<”” j’lrlf 

JOINT AND SEAL 

JOINT 

SEAL 

Figure 13. 
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APPENDIX A 

LOADS 

REF : ( a )  MSFC i n t e r n a l  L e t t e r  from EDOl /Dr .  McDonough t o  SA41/Mr. Smith, 
" I n t e r i m  IVBC-3 Design Loads f o r  use i n  SRB and SRM Steel  Case 
Redesign and R e c e r t i f i c a t i o n  ,I' December 16, 1986. 

( b )  MSFC Report SE-109-142-2H, "So l i d  Rocket Booster Venting 
Analysis," Revis ion A, Ju l y  1981. 

Reference ( a )  def ines loads which are t o  be used i n  the  s t e e l  case redesign 
and r e c e r t i f i c a t i o n  a t  MSFC. These same loads are a l s o  be ing  used i n  the  a f t  
ET Attach Ring redesign a c t i v i t i e s  a t  LaRC. 

Reference ( a )  def ines worst case i n t e r n a l  forces and moments grouped i n  f l i g h t  
events as a f unc t i on  o f  SRB X-stat ion.  No t ime- re la ted  data i s  ava i l ab le ;  
hence, an i n t e r p r e t a t i o n  o f  t h e  in format ion i s  necessary and h e l p f u l  f o r  
a p p l i c a t i o n  t o  the  e f f o r t  c u r r e n t l y  ongoing a t  LaRC i n  support o f  the  SRB ET 
At tach Ring redesign and SRB A f t  S k i r t  evaluation. Emphasis i s  p laced on an 
i n t e r p r e t a t i o n  o f  data t o  a s s i s t  the  s t r u c t u r a l  ana lys t  and des igner  i n  
o b t a i n i n g  t h e  worst case se t  o f  loads. Since both t h e  ET Attach Ring and A f t  
S k i r t  are l a r g e  and complex s t ruc tu res ,  no one set of loads may be s u f f i c  en t  
t o  complete ly  design e i t h e r  s t ruc tu re .  Therefore, t he  des igner  and s t r u c t u r a l  
ana lys t  must work together  with t h e  loads ana lys t  i n  des ign ing and assessing 
these s t ruc tu res .  This  understanding of loads must a l s o  be used i n  the  
development and a p p l i c a t i o n  o f  loads f c n  c e r t i f i c a t i o n  t e s t  purposes. 

The SRB motor case's r a d i a l  growth due t o  pressure was i n i t i a l l y  examined 
based on t h e  l o n g i t u d i n a l  i n t e r n a l  f o rce  o f :  

F, = p I T R ~  
where p = 312 p s i a  

R = 72.50 i n  

o r  F, = 15,600,000 l b  

This va lue o f  l o n g i t u d i n a l  i n t e r n a l  f o rce  does n o t  account 
2nd n e r t i a  loadings which w i l l  tend t o  reduce t h e  15 m i l l  

f o r  t h e  t h r u s t  
on pounds. The 
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r o l l  maneuver i s  t h e  event where t h i s  peak pressure occurs; hence, i t  has been 
t h e  event o r  p e r i o d  i n  f l i g h t  f o r  which the  s t r u c t u r e  has been analyzed. 
S p e c i f i c a l l y ,  t h e  l a r g e s t  " l o c a l  I' pressure creates the  l a r g e s t  r a d i a l  growth. 
This  r a d i a l  growth i s  reduced by t h e  Poisson e f f e c t  o f  t h e  l o n g i t u d i n a l  
i n t e r n a l  f o r c e  (an increase i n  l o n g i t u d i n a l  i n t e r n a l  f o r c e  reduces t h e  r a d i a l  
growth). The formula f o r  r a d i a l  growth i n  a c y l i n d e r  subjected t o  both 
c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  s t ress  i s  given by: 

6R = (R/E) x ( S 1  - v S2) 

where R = rad ius  o f  c y l i n d e r  
E = modulus o f  e l a s t i c - l t y  

S 1  = c i r c u m f e r e n t i a l  s t ress  
S 2  = l o n g i t u d i n a l  s t r e s s  

v = Poisson's r a t i o  

Inspect ion o f  t h i s  r e l a t i o n s h i p  shows t h a t  t he  c i r c u m f e r e n t i a l  s t ress  due t o  
i n t e r n a l  pressure tends t o  increase t h e  rad ius (and t h e  c i rcumference)  o f  t he  
c y l i n d e r  and t h e  l o n g i t u d i n a l  s t ress  ( t e n s i o n )  tends t o  reduce t h e  radius.  

"Therefore, i f  we examine t h e  case r a d i a l  growth us ing  t h e  l o n g i t u d i n a l  i n t e r -  
n a l  f o r c e  o f  15 m i l l i o n  pounds r a t h e r  than a reduced value, t h e  ana lys i s  of 
t he  ET a t tach  r i n g  i s  non-conservat ive.  The design case should i n  f a c t  use 
t h e  proper  l o n g i t u d i n a l  F,. 

Reference ( a )  presents design forces and moments f o r  s i x  f l i g h t  events, 
beginn ing w i t h  SSME i g n i t i o n  and ending w i t h  SRB separat ion (no water impact 
loads are presented).  For each o f  these events, i n  a d d i t i o n  t o  pressure vs. 
SRB s t a t i o n ,  data i s  presented as " l a r g e s t "  and % n a l l e s t "  beam-type i n t e r n a l  
f o rces  and moments (Fx,  Fy, F,, M,, My, Mz)  as a f unc t i on  o f  SRB X-stat ion.  
Thrust ,  i n t e r n a l  pressure, change i n  mass due t c  motor burning, gust wind 
loads and aerodynamics are considered i n  determining these loads f o r  each 
event. Fami l ies o f  t r a n s i e n t  response ana lys i s  r e p r e s m t i n g  each of these 
s i x  events are performed which develop the  l'beam type"  i n t e r n a l  f o rces  and 
moments. MSFC develops the  f i n i t e - e l e m e n t  models f o r  t h e  SRF,s and ex te rna l  
tank and JSC develops the  FEM f o r  t he  o r b i t e r .  Rockwell I n t e r n a t i o n a l ,  Inc., 
i n t e g r a t e s  these models and performs t h e  t r a n s i e n t  response ana lys i s  a t  t h e i r  
Space D i v i s i o n .  

Some OF t h e  s t r u c t u r a l  ana lys i s  which i s  c u r r e n t l y  underway a t  LaRC i s  
s i m p l i f i e d  and makes use o f - o n l y  the  i n t e r n a l  case pressure w i thou t  
cons ide r ing  t h e  e f f e c t s  o f  a l o n g i t u d i n a l  f o rce  component. More comp 
a n a l y s i s  i s  a l s o  being performed a t  LaRC us ing  FEM techniques app l i ed  
p o r t i o n  o f  t h e  SRB motor case which inc ludes the  " tang" r i n g .  Dur ing 
maneuver event, t h e  l o c a l  i n t e r n a l  rocket  case pressure i s  maximum. 
f o l l o w i n g  procedure i s  used t o  obta in  a "complete" l oad  set .  

e t e  
t o  a 
t h e  r o l l  
he 

Reference ( a )  gives the l a r g e s t  i n t e r n a l  SRB pressure as 911.8 p s i a  
[ reference t a b l e  A l ,  attached; t a b l e  3 i n  reference ( a ) ]  o c c u r r i n g  a t  18 
seconds i n t o  f l i g h t ,  Qr d i i r i ng  t h e  r o l l  maneuver. Th is  i s  a three-sigma value 
and should be used ( a f t e r  an adjustment f o r  t he  ambient pressure of 13 o s i a )  
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i n  the design and tes t ing .  
coordinate system used t o  def ine the forces and moments. Pos i t i ve  forces and 
moments are shown p o s i t i v e  on a " l e f t - f ace "  ( the  face o f  a segment of SRB case 
where the SRB X-ax i s  i s  p o i n t i n g  inward) o f  a segment taken from the SRB. F, 
i s  designated as SHEAR X on f i g u r e  A2 [ f igure  3-1 o f  reference (a)]. The 
values of F, ( a t  SRB-station of about 1504) range from 13,000,000 pounds t o  
13,500,000 pounds i n  tension. 
t he  uncer ta in ty  fac to r  i s  given f o r  each event; f o r  the  r o l l  maneuver, see 
sect ion 3 o f  reference ( a ) ]  which i s  accounted f o r  by ad jus t ing  the  extreme 
values by 0.05. The design values t o  use are: 

Figure A 1  [ f i gu re  4 o f  reference ( a ) ]  shows the  

F, has an uncer ta in ty  fac to r  of 0.05 [note t h a t  

F,(min) = 0.95 x (-13,000,000 

Fx(max) = 1.05 x (-13,500,000 

b )  = -12,400,000 

b )  = -14,200,000 

b 

b 

Note t h a t  the lower value o f  -12,400,000 l b  i s  s i g n i f i c a n t l y  d i f f e r e n t  from 
the -15,600,000 l b  ca lcu la ted  using the formula: 

F, = p rrR2 

The remaining beam-type i n t e r n a l  forces and moments given fo r  Fy, F,, M,, My, 

M, are found on f igures  A 3  through A 7  [ f igures 3-2 through 3-6 o f  reference 
( a ) ]  f o r  the  r i g h t  SRB. 
values read from the f igures  by 0.05 (uncer ta in ty  f a c t o r  f o r  the  r o l l  
maneuver) and are summarized below f o r  the SRB X-station o f  about 1504. 

These forces and moments are adjusted from those 

-14,200,000 < fx < -12,400,000 l b  

-122,850 c Fy < 112,350 l b  

-92,400 < F, < 18,900 l b  

-4,150,000 G Mx c 340,000 i n - l b  

24,700,000 < My < 36,200,000 i n - l b  

-44,100,000 c MZ < -34,200,000 i n - l b  

To understand the r e l a t i v e  importance o f  these forces and moments, consider 
t h e i r  e f f e c t s  on s t ress and rad ia l  growth o f  a cy l i nde r  w i th  the  approximate 
dimensions s i m i  l a r  t o  those o f  the SRB case, where: 

84 



R = 72.5 i n  p = 912 p s i  

." 
i 

t = .45 i n  Fx = -12,400,000 l b  

I = nR3t = 538,737 i n 4  Fy = -122,850 l b  

J = 2 x I = 1,077,473 i n 4  Mx = -4,150,000 i n - l b  

E = 30,000,000 l b / i n 2  M, = -44,100,000 i n - l b  

G = 11,000,000 l b / i n 2  

v = 0.3 

For t h e  example loadings, t h e  s t resses are found t o  be: 

S 1  = Circurnferert t ia l  s t ress  = (p R ) / t  = 146,933 p s i  

S2 = Long i tud ina l  s t ress  = -FX/(2nRt) 
= 60,491 p s i  ( t ens ion )  

S3 = Average Shear St ress = -Fy/(2nRt) 
= 599 p s i  (nax.) 

S4 = Bending Stress = -(Mz R ) / I  = 5,935 p s i  

S 5  = Tors ional  St ress = -(Mx R)/J = 279 p s i  

6R = (R/E) x (S1 - u S2) = 0.3097 i n  

By i nspec t i on  o f  the  dbove numerical r e s u l t s ,  i t  i s  c l e a r  t h a t  t he  
c i r c u m f e r e n t i a l  s t ress  due t o  pressure and the  l o n g i t u d i n a l  s t ress  are much 
l a r g e r  than the  s t resses due t o  "shear," "bending," o r  " to rs ion . "  

The above i s  a desc r ip t i on  o f  how t he  in fo rmat ion  i n  t h e  reference should be 
i n t e r p r e t e d  t o  ob ta in  inaximum/minirnum forces and moments a t  a sec t ion .  
t h a t  in fo rmat ion  is event-grouped o r  r e l a t e d  as opposed t o  time-phased, and 
s ince  t h e  ex te rna l  f o rces  and moments a r e  no t  r e a d i l y  ada i lab le ,  i t  i s  n o t  
p o s s i b l e  t o  cons t ruc t  a "free-body" diagrdin rJhich i s  i n  e q u i l i b r i u m  froin the  
referenced data. To do so w i l l  requ i re  us t o  obta in  and examine t h e  data as 
a func t i on  o f  t ime. 

Since 

To evaluate the  stresses i n  the  ET a t tach  ring/SRB case fasteners,  a 
f i n i t e -e lemen t  model o f  t he  ET a t tach  r i n g  and a p o r t i o n  o f  t h e  SRB case are  
requi red.  It must have s u f f i c i e n t  modeling d e t a i l  t o  accura te ly  descr ibe t h e  
s t r u c t u r e .  That levc? o f  de ta i  1 should i nc lude  p rov i s ions  f o r  i n p u t i n g  s t r u t  
loads as we l l  as the  i n t e r n a l  pressure. One end o f  t he  model i s  p r o p e r l y  
r e s t r a i n e d  w i th  the  ot.her end hav ing  forces and moments imposed ( t x ,  Fy,  F,, 
Mx, My, and Mz) which are obt3 ined from the  f i g u r e s  o f  re ference ( a )  f o r  t h e  
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case being examined. 
a FEM which s t a r t e d  a t  SRB X-stat ion 1550 f o r  t h e  r o l l  maneuver ( u n c e r t a i n i t y  
f a c t o r  inc luded)  would be: 

For example, t h e  forces and moments app l i ed  t o  an end o f  

F, = -12,400,000 l b  

Fy = -121,000 l b  

F, = -99,000 l b  

M, = 300,000 i n - l b  

My = 32,000,000 i n - l b  

M, = -38,000,000 i n - l b  

The other  end o f  t h e  FEM would be p r o p e r l y  res t ra ined .  S t r u t  loads i n  K I P S  
a re  given i n  reference ( a )  f o r  t h e  r o l l  maneuver event [ u n c e r t a i n i t y  f a c t o r  
inc luded,  s t r u t s  i d e n t i f i e d  on f i g u r e  A l ,  f i g u r e  4 o f  re ference ( a ) ]  as: 

77 < p 8  G 112 

138 c p9 < 147 

-117 < p10 < -79 

These s t r u t  loads as wel l  as t h e  forces and moments l i s t e d  above f o r  X-stat ion 
1550 a re  n o t  t ime-re la ted.  Therefore, a l l  combinations o f  t he  s t r u t  loads 
must be evaluated w i t h  combinations o f  the end forces and moments. To these 
fo rces  and moments, t he  i n t e r n a l  pressure o f  898.8 p s i d  i s  added. 

Bending s t resses due t o  moments My and Mz va ry  as a cos ine f u n c t i o n  from 
t h e i r  respec t i ve  peaks. 
f rom t h e  y - a x i s  us ing a r ight-handed ru le .  
FEM a p p l i c a t i o n  by adding t h e i r  c o n t r i b u t i o n  t o  F, p e r  u n i t  of circumference. 
The t o t a l  a x i a l  load pe r  u n i t  o f  c i rcumference i s  Nx and i s  t h e  sum o f  F, p e r  
u n i t  ~f circumference and the  moment c o n t r i b u t i o n .  Stated mathemat ica l ly ,  
t h e  d i s t r i b u t e d  a x i a l  load as a func t i on  o f  t h e t a  i s :  

Theta ( 0 )  i s  i n  t h e  SRR y-z p lane and i s  measured 
Manents are i n t e r p r e t e d  f o r  use i n  

N,(o) = (F,)/(zvK) - ( M , / v R ~ )  x COS (90" + 0 )  - ( M J T R ~ )  x COS ( 0 )  

Aero loads a re  added d i r e c t l y  t o  t h e  ET a t tach  r i n g  based on a dynamic 
pressure o f  100 p s f  which produces an ET a t tach  r i n g  drag load o f  about 3,000 
pounds f o r  t h e  r o l l  maneuver. 
h igh-q f l i g h t  regime wh i l e  other  even t - re la ted  loads are less.  

The ET Attach Ring assembly i t s e l f  i s  a pressure vessel and can be subjected 
t o  an i n t e r n a l  pressure o f  15.2 p s i d  du r ing  ascent. 
and "crush", are def ined f o r  o ther  cond i t i ons  throughout t h e  e n t i r e  SRB f l i g h t  
i n  -eference ( b ) .  

Aero loads a re  obv ious ly  l a r g e r  du r ing  t h e  

Pressure, both "bu rs t "  
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I n  summary, t h e  beam-type loads and SRB case i n t e r n a l  pressure loads are 
de f i ned  i n  re ference ( a )  f o r  use i n  the  design and eva lua t i on  o f  m o d i f i c a t i o n s  
t o  the  SRB ET a t tach  r i ng .  This  l e t t e r  gives an example o f  how t o  use 
reference ( a )  as w e l l  as s t a t i n g  a s p e c i f i c  set  o f  loads o c c u r r i n g  du r ing  the  
r o l l  maneuver f l i g h t  event. 

Thomas C. Jones 
4508 

.' 
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In this apemiix the global finite element models and analysis resu l ts  
which contributed to the LaRC External Tank Attach (ETA) ring redesign effort 
are described. The analysis is cansidezed global because the entire ETA ring 
as well as the portion of the Solid Rccket Motor (SRM) case where the ring is 
attached is deled. Other finite el-t analyseswhichdea lwi th loca l  
regions, such as the end of the web, were also perfonnd and details appear in 
other appendices. 

The finite element models described in this appendix are also considered 
to be simplified models because they do not contain structural details such as 
H-fittings, splice plates, intercostals, or tang-Web and web-to-cap bolts. 
These simplifications have been made to reduce ccanputer runtimeswhile 
retaining the basic physical and mecham 'cal behavior of the ETA ring as well as 
its interaction with the SFU4 casesothat onlydetailswhichaffectglobal 
behavior are studied. In particular, it is desired to understand haw stresses 
are developed in the KTAringwhenthe SU4 ispressurized. Finally, stress 
results obtained with the global model are used as input for some of the local 
analyses described in other appendicies. 

The design loads defined in A&pndiX A correspond to the Shuttle roll 
manewer, The internal 
rocket pressure can be resolved into two CcBnpOnents, a radial CCKnponent and an 
axial Ccnnponent as shown in figure B1. The axial load CcBnponent is a result of 
the internal pressure acting on the forwarddcaneandtendstoelongatethe 
rocket. 

One effect which needs to beunlerstmdandquantifiedistheloading 
induced A stiffener attached 
to a plate, as sham in figure B2, is given as a simplified representation of 
the ETA ring attached to the SRM. When the plate is loaded in tension parallel 
to the stiffener (as on the left side of figure B2), the poison effect causes 
the plate to contract in a direction perpendicular to the load- which does 
not add any load to the stiffener. However,  when a tension load is applied 
perpendicular to the direction of the stiffener as sham on the right side of 
figure ~ 2 ,  the stiffener restrains the plate francontmcting. Qmsthe 
poisson effect now causes a ccanpressive load to develop in the stiffener. 
similarily, the axial load component in the SEFJI will induce a ccrmpressive load 
in the ring due to the poisson effect and the importance of this effect 
must be assessed. 

at which the the pressure inside the SRM is 912 psia. 

in the ETA ring due to the axial load CCBnponent. 

Finite Element W e 1  

The simplified finite element model developed for the global analyses is 
shown in figure ED. The partial ring shuwn is the existing design which was 

- .  

. 
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flown on flight 51-L. For ease of modeling, a plane of symmetry is assumed to 
exist between the two webs of the ETA ring and thus, only one web and half of 
the cover plate is modeled as shown at the top of figure B3. The total length 
of S m  case modeled is 34.4 inches, which is long enough so that the stresses 
in the free shell away frm the web agree with the theoretical solution for an 
infinite cylinder with internal pressye loading. The average radius for the 
Sl?M case, or shell, wall is 72.8 inches. The thickness of the case wall in the 
region of the attach ring is 0.58 inch and in the free shell away f m  the 
ring, 0.479 inch. 

The finite element model is comprised of five components: the SRT~ case 
wall (shell), the tang, the web, the cap, and the cover plate. All five 
cOmpOnentS are assumed to be made of steel and have a Young's modulus of 30.0 
million psi. The finite element model has approxhnately 13,000 degrees of 
freedan and 2517 elements grouped as follows: the cap is represented by 137 
beam elements: the tang is represented by 191 beam elements; the case wall is 
represented by 1528 plate elements; the web is represented by 520 plate 
elements; and the cover plate is represented by 141 plate elements. The cover 
plate has orthotropic properties giving it stiffness in the booster 
longitudinal direction (which prevents the two webs from deflectkg laterally 
relative to each other), but no circumferential stiffness (so that it does not 
add to the hoop stiffness of the ETA ring). Since tang-to-web and web-to-cap 
bolts are not included, the model represents a one piece structure (that is, 
acts like it is welded together). 

The boundary conditions at the top of the model (at the cut between the 
two webs) are chosen to make the R-theta plane a symmet-.y plane. At the bottom 
of the model (the free shell end), radial and axial displacements are allowed 
while circumferential displacements are constrained. An internal pressure of 
912 psi is applied to the inside of the booster to give the radial load 
component. The total axial load on the booster co~~espoxdhg to 912 psi is 
15.1 million pounds. The total axial load is applied as a lineal load of 
33,078 in the -Z direction around the circumference at the free end of 
the shell. 

A finite element model was also constructd for a full (360O) ETA ring 
concept. The details of this model are the same as those described for the 
partial ring concept, except that the tang, web, cap and m e r  plate completely 
encircle the SRM case. The full ring model has approxhately 13,500 degrees of 
freedom, 360 beam elements and 2340 plate elements. 

lbf/in 

hear Results 

Figure B4 shows the circumferential stresses in the partial ring model due 
to an internal pressure of 912 psi. The stresses shown are taken at the 
Section labeled A-A on figure B5, a point which is located in the portion of 
the ring midway between the two ring ends. Globally, the maximum 
circumferential stresses in the cap, web, and tang occur at this location. 
Stresses are shown in these components for two load cases: (1) the radial 
ccnnponent of pressure only, and (2) both the radial and the axial pressure 
cmponents. The compressive stress induced by the poisson effect discussed in 
figure B2 reduces the stress levels in all of the ETA ring ccxnponents by 
approximately 18 percent. 

stress results are shown in figure B6 for the full ring model 
at the section A-A sham in figure B7. The maximum stresses in the cap, web, 
and tang are almost identical for the full ring and the partial ring models. 

Similarily, 
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?he full ring model also shows an approximately 18percent reductionin 
stresses in the ETA ring due to the pisson effect induced by the axial load 
compnent . 

Circumferential stresses in the partial ring model are shown along the 
length of the shell at section J3-B (see figure E35) in figure B8. Location B-B 
corresponds to the section of case wall where no ring exists and is midway 
between the two ring ends. The boundaries and thicknesses of the plate 
elements making up the shell are indicated and the ETA ring is attached at the 
boundary between the second and third element fmm the top. Stresses for 912 
psi internal pressure are given for the 2 load cases; the radial pressure 
ccgnponent only, and both the radial and axial pressure c a p n e n t s .  These are 
CCBnpared to an analytical solution for the shell (stress = pressure x radius / 
thickness). As expected, the axial load ccnrrponent has negligible effect on the 
circumferential stresses in the case wall. In the vicinity of the ring 
hmever, the case wall circumferential stresses are reduced from those 
predicted by the analytical solution by approximately 10 percent whereas away 
frm the ring, the finite elemnt and analytical solutions agree to within 1 
Percerrt. 

In the actual SRM case, the center of a field joint is located 19.5 inches 
frcan the midpoint between the two we& of the ETA ring. Ashnplified 
representation of the field joint is added to the partial ring model to 
detennhe the effect of the field joint on ring stresses. The field joint, 
represent& by an annulus with a width of 6 inches and a thickness of 1.1 
inches, is centered 13.5 inches down fmm the tang. Because of the synunetry 
boundary condition impoSea at the tap of the model however, the actual 
situation being modeled is one where a field joint is on both sides of the E l l  
ring. Figure B9 shows the circumferential stresses at section A-A of the 
partial ring model with and without the field joint present. The presence of 
the field joint has little effect (<2 percent) on stresses in the ETA rhq. 

Nonlinear' Results 

A geometric nonlinear analysis using full Newton-Raphsn integration w a s  
also run for the partial ring model for the 912 psi internal pressure loading 
case. The nonlinear analysis allows the bending stiffness due to membrane 
stresses in the case wall to be includedintheproblem. Thepurposeof 
running the nonlinear analysis is to assess the effect of this added shell 
benaing stiffness as well as to ascertain if any unforseen nonlinearities 
change the solution significantly frm that obtained in the linear analysis. 

The deflection shape of the partial ETA ring model (as viewed along the 2 
axis) is shown in figure B10. The linear and nonlinear radial displacements at 
various locations around the shell are also shown (the displacements shown are 
given at the location along the shell corresponding to where the web is 
attached). The nonlinear displacements at the two ends of thewebare 
approxhtely 8 percent laqer than the c o r r e s p n d ~  linear displacements. 
The laryest difference between the linear and nonlinear displacement is 
approximately 23 percent and occurs at a location one fourth of the way between 
the two ends of the web. The partial ring deflection at A-A for the linear 
(.149 inch) and the nonlinear (.140 inch) solutions can be campared to the f u l l  
ring linear displacement which is .141 inch. 

in the various camponents of the partial ring model are capared 
for the nonlinear and linear cases of a 912 psi internal pressure load in 
figure B11. This figure sxmmrizes the gl- stress results in that only the 

stresses 
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circumferential stress a t  the center of an element is included for the plate 
elements, and only the axial stress for the beam elements is included. For 
each component, a l l  of the stress results are scanned and only the maximum, and 
or minimum are given, w i t h  no reference t o  location in the model. The figure 
h3icates that nonlinearties have a small (c8 percent) effect on global 
stresses. 

Locally however, nonlinearities can have a slightly larger effect on 
element stresses as shown in figure B12. In this figure, the maximum stress in 
the tang a t  the end of the web (on the end where the cap does not go a l l  the 
way t o  the end) is sham. "he nonlinear solution gives a 7.8 percent reduction 
in the tang axial load (consistent withtheresultsshuwnintheprevious 
figure) and a 20.1 percent reduction in the tang bendingmament. Thus the 
maximum stress in the tang outer fiber is reduced by 12.1 percent. 

CONCLUSIONS 

In summary, the following conclusions can be drawn fm the analyses 

1. The maximum stresses in the ETA ring are the same for the f u l l  ring 

presented in this appendix: 

and partial ring concepts. 

2. The field joint  which is located near the ETA ring has negligible 
effect  on the ring stresses. 

3.  N o n l i n e a r t i e s  have a small effect (<8 percent) on stresses globally, 
but can have a moderate effect (on the order of 12 percent) on local 
stresses. 
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The existing Space Shuttle Solid lbcket Booster (SRB) externdl tank 
attachment (m) ring incluies ixm different tapered end designs. 
adxibit high loads in the wleb-to-tang and web-tm-cap bolts due to insufficient 
taperingpf the web and cap cross-sectians. Ihe primary goal of th i s  redesign 
effort is to develop a tapered-design for the EllA ring which has bolts loaded 

acceptable stress levels within well below their limit values while mh4zumg 
the web and cap. T h e  analyses that have been developed to optimize the CPDSS- 
sectional ared taper profile of the ETA ring are discussed in th is  appendix 
along with a su[~pna~y of the appropriate design loads applied to the ring. 

Bath ends 

. .  

In order to develop analyses to optimize the ring area taper profile it is 
important to 
segment of the existing ETA ring and SRB motor case wall exlmdmg ' fran just 
beyond the end of the ring to a location where the ring c=ross-section and 
stresses are constant. 
average circumferential stress resultants w i t h i n  the motor case and ring for an 
interndl mtor case pressure of 912 psi. 
co- stresses are appmximtely 110 ksi. in the motor case beyond the 
end of the ring, 80 hi. i n  the mator case, and 55 hi. i n  the aanstant ~ b s s -  
section area of the ring. 

If shear stresses in the motor case are neglected, balancing forces in the 
circumferential direction results in equation (C-I), ~ c h  defines an effective 
Illotarcasearea A 
For the given E&?&& ard the nominal r p  ~pss-sectional area of 3.56 in, 
that effective mator case area is 6.5 in . 

the loads applied to the ring. 

The loads applied at these two boundaries rep- 

Figure C;-1 shows a 

As shown in pspendix B the 

that mst be d to transfer load into the ring.2 

(C-1) 
2 (110 ksi) (Aeff) = (55 ksi) (3.56 in ) + (80 ki) (Aeff) 

stresses within the ring result Prom the loads in the bolts that attach 
the ring t o  the motor case tang. 

point. 
10,000 Ib for -le, 20 bolts are required to develop the existing stress 
resultant of 196,000 lb. In the follcxJing sections, the analyses needed to 
design a taper profile for the ETA ring with c0-y prescribed bolt load 
distributions are presented. 

An important observation is that the 
ererrtidl stress resultant at any cross-sectian the ring nust be 

-fore, in a redesigned tapered ring having canstant bolt loads of 
equal to the sum of the circlrmferentral ' cmpnent of bolt loads up to that 

A simplified 1-D analysis is developed to st&y the transfer of 
circumferential load frcnn the pressurized shell (motor case) thzuugh the tang 
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bolts to the ring, and to also invktigate tapering of the ring area. The 
assumptions for this analysis are as follaws: (1) tang bolts are rigid, ( 2 )  
strains in the ring and shell between any two adjacent tang bolts are constant, 
(3 )  ths shell can be represented as a bar with constant cross-sectional area of 
6.5 in (as calculated in the previous section), (4) curvature in the shell and 
ring can be neglected and, ( 5 )  the cap area is lumped with the web area and cap 
bolts are not considered. Furthennore, frcrm assumption (2) it follaws that the 
rixj can be treated as having constant area between any two adjacent tang 
bolts, and that any changes in ring area occur coincident with a tang bolt. 
Figure C-2 illustrates this siqlified representation of the rirq and shell. 

Equilibrium of forces at the nth section of the ring between the tang 
bolts nunbered n and nt1 requires that the sum of the ring stress resultant, 
P , and the shell stress resultant, Psn equal the applied far-field shell 
s@ess resultant pff, or 

The rigid bolt assumption forces equality of ring and shell strains in 
every section. H e n c e ,  equation (C-2) can be rewritten as 

mere A is the ring cross-sectional area in the nth section, A is the shell 
cross-&ioW area, which is a s h  wtant, and E is their k n  ~oung's 
mcdulus. Therefore, the strain in the n 
is 

section of both the ring and shell 

Applying ~ 0 0 k e ' s  law to equation (c-4) at the nth section of the ring gives an 
expression for the stress resultant at that section: 

me load in a bolt (P n) that borders the two sections n and n-1 is given by 
the difference betwe& the stress ratants in those two sections, or 
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Given an area taper profile for the ring, A , the recursion relation of 
equation (C-6) can be used to calculate a bolt lad distribution, P 
Canversely, equation (C-6) can be rewritten to give a recursion rel&on for 
calculating the area taper profile if the bolt load distribution is specified: 

. 

A first-iteration optimized area profile for the ETA ring is determined 
using equation (C-7) and assumiq  the constant 10,000 Ib tarq bolt load 
distribution mentioned in the previous section. 
taper is plotted in figure C-3 where it is CcBnpared to the area taper of the 
exxstmg ETA ring "long side". The greatly decreased area at the end of the 
ring is a dramatic departure from the existing ring design. 
is illustrated in figure C-4 where the bolt loads of the ttoptinnnnll design are 
CCBnpared to those predicted for the existing ring by finite element analysis. 
This simplified analysis shows that considerable tapering of the ring area is 
required to reduce the first bolt load to an acceptable level. 
tapering analysis which includes bolt and web shear flexibility is presentefi in 
the following section. 

The resulting %ptinumP area 
. .  

The effect of this 

Ring area 

Bolt flexibility and web %hear lag" flexibility are included in a 
modified 1-D discrete planar model. 
again modeled by series of linear springs whose stiffnesses are proportional to 
cross-sectional area. 
assemblages through an array of linear shear springs whose ampliance 
represents the sum of the bolt and web shear ampliances. Figure C-5 
illustrates this repmtation of the ring and shell. 

Stiffnesses of the nth ring and shell segments 
bolt are L, Ks (assumed constant for all n), ard K&, respectively which are 
defined by 

Bath the ring and the effective shell are 

Load is transferred between these parallel spring 

the nth tleffective" 

-- =S 

Ks - e 

where 
is thebc ing  between tang bolts *ed n a 3  n+l. By a y m i m g  strains to 
be amstant in each segment (see fi- C-5) ,. the comeqmdmg stress 
resultants, P P ,e P are related to the ring and shell displacements, 
u usn, E'thPn StalEGn by 
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'rn = K  m (U m '-u r(n-1) ) 

Psn - Ks cusn - us(n-l) 
1 'bn = %n(*r(n-l) us(n-l) 

1 - 
- 

E l h t i n g  the displacements fram equations (C-9) yields the 2ollwing 
equation in te.rms of forces alone: 

P 
, n = 1,2,3, ..., N-1 (C-10) bWl) - 'bn 5 - - 

%*I) %n Km KS 

where N is the&otal rnrmber of bolts being considered. 
force on the n 
force, P 

Assuming that the total 
shell and ring segments is constant and equal to the far-field 

, equation (C-2) applies for all n from 1 to N-1 ff 

Pm + Psn = Pff , n = 1,2,3, ..., N-1 (C-11) 

m e  force in the nth ring segment is eq~al to the sum of the first n bolt 
forces, i.e., 

n 
Pm = c 'Pbi 

i=1 

Insert:ing equations (c-11) and (c-12) into equations (c-10) gives 

(C-12 ) 

P 
I n = 1 , 2 , .  . . ,N-1 (C-13 ) 'bn b(n+l) 'ff 3, 1 n  

rn 
r-- + -1 *x Pbi + - - 

1=1 JL - %(n+l) KS 
IC; 

R c - q y i r i n g  equality of far-field strains in the shell and ring yields 

N - pf fxrn 
'bi - Km + Ks is1 

(C-14) 

EQuations (C-13) and (C-14) constitute a set of N linear algebraic 
equations in the N un)mowns, P , when all stiffnesses are assumed knm (i.e. 
when the ring area profile is PjTven). 
relation given in equation (C-6). 

?his is analogous to the recursion 
On the other hand, if all stiffnesses except 

m i s  second set of equations is analogous to the equations (C-7). 
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To determine the effect of boIt and web shear flexibility on bolt loads, 
the optimum area profile developed f m  the rigid bolt analysis and presented 
in figure C-3 is analysed using the system of equations (C-13) and (C-14). 
web shear stiffness chosen is& = G1td.m (where t and h are the 
thickness and height of the n 
the bolt stiffness ( ) is assumed to be 1.3 x 10 lb/h (see Appendix I). 

m e  titled !*profile from rigid bolt analysis"). 
significantly from the design distribution of constant 10,000 lb loads sham in 
figure C-4. 

Using the system of equations (C-13) a new area profile can be generated 
which gives constant bolt loads when bolt and web shear flexibility are 
included. 
satisfies equation (C-14) and has constant 10,000 lb bolt loads for the first 
15 bolts. 
laxye changes in load between adjacent bolts will lead to the prediction & an 
unreasonable area profile. Because of this, the bolt loads beyond the 15 
bolt have been gradually tapered off. 
bolt load distribution and equations (C-13) is shown in figure C-7 and is 
ccanpared to the %ptimurnll area profile generated f m  the rigid bolt analysis. 
?he lmer slope for the first 12 bolts is responsible for l m i n g  the high 
bolt loads %that region as seen in figure C-6. Similarly, the higher slope 
after the 12 bolt is amnewmate with the higher bolt loads in that area. 
' Ihis conparison indicates that the effects of bolt and web shear flexibility 
can be significant and should be included in area profile prediction. 

The 

section of w b  9 G ig the &ear moaulus) and 

Figure C-6 shows the Ks, It load distribution predicted from this analysis (note 
This distribution differs 

The second curve on figure C-6 is a bolt load distribution which 

It should be noted that specifying a bolt load distribution with 

m e  area profile predicted using this 

The area profiles presented in figure C-7 taper to very small sections at 
the end (Ar ) ,  which gives rise to manufacturing and hanclling concerns. 
m u a t i q  &quation (c-7) for n=l shows that 
the load in the first bolt. Therefore incrdhg the area tends to raise thg'' 
first bolt load if a l l  bolts are assumed rigid. 
is included, two mechanisms are available to increase the ring area withcut 
affecting the load in the first bolt. 

Using either or bath in a design all- the 
are (1) increase the bolt stiffness ratio, 
load ratio, P /P 
first area to% %eased as the first bolt load remains constant while 
causing the average stress in the first section to go dam. 
example is worked for the first section of the ring it is possible to employ 
these mechanl 'sms wherever the ring area is too mall or the stress is too high. 
These mechanl 'sms are used to develop the final area profile design by mdifying 
the area profile sham in figure C-7. 

is nearly proportional to P 

H m e r ,  if bolt flexibility 

These mecham 'sms (sham in figure C-8) 
and ( 2 )  decrease the bolt 

Although this 

to 
specified to lie between 7,000 and 8,000 lb. instead of at10,OOO lb. 
profile that results f m  these modifications is shown in figure C-9 and 

the margin of safety, the bolt loads at the end of the ring are 
The 

120 



compared to the previous profile fiom figure C-7. 
the first bolt has been increased while, as a result of the decreased bolt 
loads, the slope of the curve nedl: the first bolt has been decreased. 

It is seen that the area at 

Bolt loads derived fran the present analyses agree favorably with results 
from finite element analysis in the first few sections of the ring and tend to 
be conservative throughout the rest of the ring. Additionally, details of the 
web stresses are not predicted. with these analyses because of the simplifyiq 
assmptions that have been made. Consequently, the area profile presented in 
figure C-9 represents a first-iteration version of that design which can be 
further developed using finite element analysis. 
configuration of the redesigned 
differs slightly from this profile. 

Therefore, the final 
ring, presented in the accompanying report, 
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The original splice i n  the attadmmt ring, located the 
strut attachment bra-, was famd to have mgative margins of safety when 
analyzed us- a finite elemmt coclle. 
mdified end segments for the partial ring wws required to ccnplete the 
design of the new partial r-. Fig. D1 ShCkJs the locatims of the splices. 
Fig. D2 sham the splice coplfiguration, hereakter referred to as the exist- 
ing splice, which replaces the original splice. Fig. D3 ShCkJs the new end 
splice on the short side of the partial r-. The origindl splice used 3/8" 
bolts the cap and web amas, while the splice designs which shall 
be cmsidemd in this analysb use l/2" bolts in the cap and 3/8" bolts in 
the e. 

T h i s  splice as a1 as splices for 

Analysis 

TO analyze the exist- splice (beWeen the struts), a f ini te  element 

T h e  node mmJ3ering systean is explained in Fig.  D5. 
model of half of the splice was am&m&ed. This model is ShCkJn in Fig. 
W. T h e  finite e l d  
m d e l  is ilssumed to be fixed a t  the plane of symnetry. The structural 
Ccnputerpmgram = w a s  used. A l ist ing of the inplt is included h Table 
D1. 

!the w& and splice plates bmre simulated by plate elements. Solid 
elements were used t o  mdel the cap. 
beam elements whi& required that the elastic constants be hpt. Shear 
stiffness values of 1.2 million &/in. and 2.2 million Ib/in.,which cor- 
respotd to the shear stiffness of 3/8" and l/2" bolts, were input i n  the 
P-0 

The loads which were inposea on the model wlere derived f m  another 
finite element model of a segmmt of the motor case developed by J. Dorsey. 
A separate appendix covers this work. Table D2 gives a sunmazy of the 
stress results of this analysis which 
splice analysis. 
Ib wax applied to the web. 

% bolts were similated by general 

used to develop the loads for the 
In  the model 78,898 lb were applied to the cap, and 93,091 

Analysis Results 

The bolt shear forces which were calculated are shuwn in Figs. D6 and 
The highest shear force in the existing splice was fcnud to  be 9,390 
The highest shear force in the new end splice was 13,050 lb. 

W .  
Ib. 
w e l l  w i t h i n  the allawable load of 20,000 Lb for a 1/2" diameter fastener 
(145 ks i  shear). 

These are 
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The maximum stresses calculated for the new end splice plates, web, and 

The stress level a t  t h i s  location is about 
cap are shuwn in Figs. D8, D9, D10, and D11. The highest stresses occur on 
the inner splice near the joint. 
115 ksi. 
lowing page. 
cdlculations was 180 ksi. 

A summary of the highest stresses and loads is given on the fol- 
The ultimate strength of the material used for the margin 

T h e  modeling did not cansider the curvature of the splice and the motor 
The analysis does indicate 

Incorporation of models of the splices in a ful l  
case. 
positive margins, huwever. 
segment model of the motor case w i l l  be required for final approval. 

Therefore, scane. error can be anticipated. 

1 3 3  
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Appendix E 

ET/SRZ) Attach Ring Systems Cover Analysis 

Introduction 

The systems cover provides protection and attachment 
locations for wiring and electrical systems components from 
the ET attach ring to the systems tunnel. The cover is 
subjected to and must withstand a variety of loads including 
aerodynamic forces, acceleration, and internal and external 
pressure. Also, the cover is designed to prevent the 
transfer of forces and moments to the ET attach ring. At the 
splice of the ET attach ring ends and the existing ring body, 
the systems cover will transition to the existing cover 
assembly. 

Hardware Description 

Details of the hardware are shown in fig. El and fig.E2. The 
side rings are 3/32 inch thick curved angle segments of 4340 
steel which attach to the motor case ring. The segments are 
attached to the motor case rigidly at only one bolt per 
segment side. The other bolt holes are slotted to allow 
expansion of the motor case without loading the side rings of 
the cover. The cover plate is made up of 3/16 inch thick 
segments of 4340 steel which attach to the side ring 
segments. Brackets are provided on 9 inch c e n t e r s  to provide 
additional stiffness for the rings. 

The ring segments are connected to each sther by ii flexible 
joint. this joint allows f o r  expansion betweer, the rings 
while maintaining a weather-prcof seal. The cover rings and 
plate meet the existing cover system at the point w h e r e  the 
ET ring begins to taper. A t  this point a seal is formad to 
maintain pressure and weather-proof the systems tunnel. The 
systems cover and ET attach ring are covered with cork 
insulation before flight to minimize heat transfer. 

Analysis 

The following analysis considers the combined loading due to 
aerodynamic forces, acceleration forces, and internal or 
external pressure. Factors of safety based on MSFC-HDBK-505, 
Rev. A have been applied to determine the margins of safety. 
A summary of the worst case stresses and margins is included 
at the end of this section. 
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APPENDIX F 

MRGINS QE SAFETY 

Margins of safety are provided in TableF1 for the worst case 
predicted stresses for the part or system location indicated. 
These margins, therefore, are the lowest values calculated 
for the locations. The following equation has been used to 
determine each value: 

For acceptance, 

M.S. 2 0.0 

The factors of safety have been obtained from MSFC-HDBK-505, 
Rev. A .  For the materials which have been specified, the 
margins are based on the ultimate allowable strength values 
since these are the most critical. 

The stresses used are based on a number of analyses which 
combine the effects of SRB pressure, strut loads, 
aerodynamic drag, and acceleration. The approach taken in 
these analyses was to assume that structure responded in a 
linear-elastic manner. 
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ET RING STRESSES DUE TO AERODYNAMIC, ACCELERATION, AND PRESSURE LOADS 

Introduction 

The following analysis considers the contribution of aerodynamic, 
acceleration, and internal ring pressure loads on the ET ring. 
conservative case, the ring is considered to be full height when applying 
all of the loads. The stresses resulting from these loads are not directly 
additive to the stress contributions from internal SRB pressure and from 
strut loads. The stresses must be combined as a biaxial resultant. Also, 
the stresses calculated occur at time of approximately 60 seconds into the 
flight. 

As a 

The stresses due to SRB pressure are somewhat reduced at this time. 

Results 

The combined tensile stress from aerodynamic, acceleration and pressure 
loads is 18,291 psi. When this stress is combined with the stress due to 
SRB pressure and strut loads at this time (maximum 90,000 psi.) to give a 
principal stress, the result is 116,241 psi. 
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APPENDIX G 

INELASTIC ANALYSIS 

INTRODUCTION 

Accurate stress analyses of large structures with local detailed features, 
such as the Solid Rocket Booster (SRB) External Tank Attach (ETA) ring bolted 
joints, can be conducted with a finite element code if enough elements are used 
to represent the structural details properly and if enough time and computer 
resources are available to obtain :he desired solution. A large number of 
finite elements are usually needed to model accurately the stresses and stress 
gradients in such a bolted joint, and large amounts of computer time and 
storage capacity are needed to obtain solutions if material nonlinearities or 
inelastic effects are included in the analysis. To study the effects of 
varying bolted-joint parameters on the stresses and failure loads of the ETA 
ring bolted joint with a finite element code would require a large number of 
computationally-intensive computer analyses and a large amount of an analyst’s 
time. An alternative to such a finite element analysis approach is to use an 
accurate and computationally-efficient continuum-mechanics-based analysis 
developed specifically for bolted joints. The continuum-mechanics-based A4EJ 
computer code (ref. G-1) was developed for detailed stress analyses of bolted 
joints and was selected to study the effects of varying bolt stiffnesses and 
bolt-hole clearances and tolerances on the stresses and failure loads of the 
ETA ring bolted joint. The results of this study are presented in this 
Appendix. 
sequence on joint strength are also included in this Appendix. 

Results of a study of the effects of bolt failure and bolt-failure 

ANAI.??TICAL MODEL 

An A4EJ model of the Langley tapered ETA ring joint design was developed 
for the joint segment containing the first 40 bolts from the ring end and the 
details of the model are shown in Figure G-1. 
the Langley tapered joint as modeled in a separate EAL finite element analysis 
(Ref. G-2) is shown in Figure G-la and joint details for the first 10 bolts 
from the end of the joint are shown in Figure G-lb. The corresponding A4EJ 
models are shown in Figure G-lc and G-ld, respectively. 
a model that is symmetric about the line of bolts and the A4EJ model shown in 
Figure G-1 was developed to match the bolt-load iistribution predicted by the 
EAL model of Reference G-2 for limit load conditions. The effects of joint 
web, joint cap, and cap-bolt flexibilities were included in the A4EJ 40-bolt 
model by adjusting the individual bolt-station stiffnesses to corresnond to the 

appropriate bolt loads. The model included 6.5 in. of mzcor casing, the joint 
web and the case tang. 

(Ref. G-3) in the analysis that includes a bilinear load-deflection curve for 

the bolts. 
the primary or elastic part of the bolt load deflection curve and approximately 
20 percent of this value for the secondary or inelastic part of the load- 

deflection curve. 
6 psi and 30 x 10 psi, respectively. The bolt strengths used are 12,812 lb at 

yield and 16,015 lb at ultimate. 

The joint geometry of the end of 

The A4EJ code requires 

2 

The A4EJ code uses a Ramberg-Osgood inelastic stress-strain formulation 

The bolt stiffnesses used in the analysis are 1.3 x l o6  lb/in. for 

6 The elastic moduli of the joint web and eang are 29 x 10 

The Ramberg-Osgood parameters used are 
196 



FOa7 - 171 ksi and n = 22.5 for the tang and F 
the web. Tu 
e 

web. 
load and the ultimate load condition used is 140 percent of limit load or 154 
ksi stress at 1001 kips load. 

= 179 ksi and n = 50.0 f o r  0.7 
The strength properties used are F = 195 ksi, FBU = 297 ksi and 

- 0.05 for the tang and F TU TU Q 180 ksi, FBU = 250 ksi and eTU = 0.15 for the 

The limit load condition used for the case is 110 ksi stress at 715 kips 

RESULTS 

A comparison of the results from the A4EJ continuum-mechanics-based joint 
anayysis and the EAL finite element analysis at limit load is shown in Figure 
G-2. The bolt station stiffnesses of the A4EJ model were deliberately adjusted 
until the bolt loads from the A4EJ analysis matched the bolt loads from the EAL 
analysis as shown in Figure G-2a. This stiffness adjustment process resulted 
in the excellent correlation in the shell tang bypass stresses, ring bypass 
stresses and bolt bearing stresses as shown in Figures G-2b and G-2c and G-2-1 
respectively. The excellent correlation of the results from the A4EJ and EAL 
models suggest that the L&EJ model gives results that are consistent with the 
EAL results and the A4EJ model was used to study effects cf varying a number of 
joict parameters on joint strength and to study inelastic affects. The results 
of these A4EJ studies are describea in the following paragraphs 

Bolt Stiffness Effec"; 

The bolt load distriburions at joint failure for three different bolt 
stiffness distributions are shown in Figure G-3. Although the individual bolt 
loads differ significantly, the predicted joint failure loads differ by less 
than one percent. The curve with the absolute maximum bolt load represents the 

results for a model with a uniform bolt stiffness distribution of 1 . 3  x 10 
lb/in. The other two curves represent the results for models with the 
individual bolt stiffnesses adjusted to include the effects of web, cap and cap 
bolt flexibilities. The individual bolt stiffnesses for these models range 

from 0.5  x 10 to 1.0 x 10 lb/in. These results irdicate that bolt stiffness 
variations affect the individual bolt loads more than they affect joint 
strength. For determining joint strength, the precise bolt stiffness 
definition is necessary only when the bolts are loaded near their ultimate 
strength. 

6 

6 6 

Effects of Clearances and Tolerances 

Relative longitudinal motion between the two joint elements that are 
bolted together can occur at a given 5olt station before the bolt begins tv 
transmit any applied load. 
and tolerances at a bolt a s  indicated in the left sketch on Figure G-4 and is 
referred to as the Potential Bolt Slip or PBS in this Appendix. The effects of 
this potential bolt slip due to bolt clearances and tolerances on the joint 
failure load is shown in Figure G-4. The curves on the figure represent joint 
failure loads as a function of potential bolt slip at a number of holes in the 
ETA ring joint and the hole numbers where poSential bolt slip is assumed to 
occur are indicated to the right of each curve. Preliminary results indicate 
that, for an arbitrary value of pocential bolt slip, the foL.:th bolt hole from 
the joint tapered end causes the largest reduction in joint strength when all 

This relative motion is a result of the clearances 
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other bolt holes have zero potential bolt slip or are tightly fitted. 
results also indicate that the most sensitive distribution of potential bolt 
slip when more than one bolt hole has the same potential bolt slip occurs when 
holes with the same arbitrary potential bolt slip alternate with holes with 
zero potential bolt slip. Examples of results for cases having alternating 
holes with arbitrary and zero potential bolt slip are shown in Figure G-4 and 
compared with the results (upper curve) for the case having holes with 
arbitrary, uniform potential bolt slip. In these examples, the first hole with 
potential bolt slip is the fourth hole from the tapered end of the joint, and 
holes not identified in the sequence to the right of the curves have zero 
potential bolt slip. The results indicate that the joint failure loads 
decrease as the magnitude of the potential bolt slip increases but become 
constant at a critical value of potential bolt slip for each case (indicated on 
Fig. G-4 by the critical PBS curve). 
not carry any of the applied load for potential bolt slip vzlues greater than 
the critical value indicated on the curves and any further increase in 
potential bolt slip at these holes does not affect joint failure and the 
particular bolt hole sequence becomes ineffective for longitudinal load 
transfer. The critical value of potential bolt slip is different for each bolt 
hole sequence on the figure and the critical value increases with the number of 
bolt holes in the sequence. For some bolt hole sequences, the joint strength 
is reduced to a value below the ultimate bolt failure load (1.4 times limit 
load) before the critical value of potential bolt slip is reached. None of the 
sequences shows a joint strength below limit load, but for moderately high 
values of potential bolt slip, joint failure load is reduced significantly. If 
all 40 holes have the same potential bolt slip (top curve), the joint failure 
load increases very slightly as potential bolt slip increases. 
alternating bolt holes with Tatential bolt slip affect joint strength more 
markedly than non-alternating holes with potential bolt slip. 
distribution of holes with potential bolt slip approximates the case where 
tolerances vary from bolt to bolt while clearances are uniform. 

bolt holes from the end of the joint have potential b r i t  slip, the joint 
failure load first increases to a maximum value and then decreases to a 
constant value as potential bolt slip increases. Results for the cases when 
bolt holes number 1, 2 and 3 indLvidually have potential bolt slip while all 
other holes are bearing against bolts are shwn in Figure G-5a. Results for 
bolt hole number 4 from Figure G-4 are also included for comparison. Results 
are shown in Figure G-5b for bolt hole sequences 1-2 and 1-2-3 along with the 
bolt hole 1 results for comparison. The triangles (maximum joint failure load) 
mark the values of potential bolt slip for which the joint failure mechanism 
changes from a material failure in the web to failure of a tightly fitted bolt 
adjacent to one with potential bolt slip. The results in Figure G-5a indicate 
that if any one of the first four bolts is unloaded because of a high value of 
potential bolt slip, joint strength does not decrease significantly. The 
results shown in Figure G-5b indicate a significant reduction in joint strength 
for critical values of potential bolt slip, but these high potential bolt slip 
values would occur only for an extreme out-of-tolerance situation resulting 
from poor handling, fabrication or assembly practices or from material yielding 
in a prior flight. The concern here is not for critical potential bolt slip 
values, but that the results show that a moderately high value of potential 
bolt slip (triangles) can cause adjacent bolts to fail and weaken the joint. 

The 

Bolt holes with potential bolt slip do 

In summary, 

An alternating 

The results in Figure (2-5 indicate that when the first. second, and third 
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Sequential Bolt Failure 

The sensitivity of the failure mode to potential bolt slip suggests a way 
to examine sequential bolt failures and the results for the study of bolt- 
failure sequence is shown in Figure G-6. The variation of joint failure load 
is shown in Figure G-6a for cases when the critical (or higher) value of 
potential bolt slip causes one of the first 10 bolts to carry zero load thus 
simulating bolt failure. Each point on the curve represents one failed bolt 
and the notation by the point (e.g., W-3, B-2) indicates the next failure mode 
predicted after the initial bolt failure. 
failure of the web at bolt number 3 (denoted as W-3 on the figure) when all 
bolts carry load. When bolts number 1, 2,  or 3 are failed, an adjacent bolt 
(B-2, B-3, or B-4, respectively) fails as the next mode of joint failure. For 
bolts number 4 through 10, the next mode of failure is a web tensile failure at 
the indicated bolts. These results show that the loss of any one of the first 
ten bolts alone does not significantly lower the joint strength, but the loss 
of any one of the first three bolts tends to change the failure mode from the 
web to another bolt. 

The effects on joint strength of a sequential bolt failure that initiates 
and continues to precipitate other failures in the joint are shown in Figures 
G-6b and G-6c. Each point on the figures represents the total number of bolts 
failed (modeled as unloaded bolts) as indicated by the bolt numbers in 
parentheses and the resulting joint strength. The next predicted failure mode 
for each point on the figures is also indicated ( n . g . ,  d-4, W-3). For the 
results in Figure G-6b, the sequential failure pruLess starts by selectively 
unloading bolt number 3 because of the web failure at bolt number 3 as 
predicted by A4EJ when all bolts carry load. Unloading bolt number 3 causes a 
slight reduction in joint strength and the next failure event is predicted to 
be failure of bolt number 4 (B-4). The next failure event to occur is failure 
of bolt number 5 (B-5) which is determined by unloading bolts number 3 an; 4 
(assumed failed) for the A4EJ analysLs. In this manner, the rest of the curve 
is generated by selectively unloading the bolts that are predicted to be the 
next "weak link" and this process is continued until the first 10 bolts are 
simulated as failed. (The notation W-1,2 at bolt number 7 indicates that the 
next failure mode is a web failure between the remaining bolt number 1 and the 
already failed bolt number 2.) 

For the results shown in Figurz S - ~ C ,  the failure sequence is initiated 
arbitrarily at bolt number 1. Each slrcceeding bolt failure is determined by 
unloadiEg the next predicted failed bolt after applying the A4EJ analysis. 
every subsequent step in the failure process after bolt number 1 has failed, 
A4EJ predicts a bolt failure as the next mode until all 10 bolts have failed. 
As a result, each point (at boit number X) on the curve represents the joint 
strength after bolts number 1 through X have failed. 

The results in Figures G-6b and G-6c represer.t upper and lower bc,ands of 
the sequential failure process if the first 10 bolts are progressively unloaded 
until all 10 bolts are simulated as failed. That is, selection of any one of 
the ather 10 bolts as the first failed bolt and then sequentially unloading the 
next predicted "t-eak bolt" generates a curve which is similar to zhose in 
figures G-6b and G-6c and eventually merges with the curves on Figures G J ~ J  or 
G-6c. All three curves from Figures G-6a, G-6b and G-6c are plotted in Figure 
G-6d for comparison. 
bolts can significantly weaken the joint depending on which bolts have failed 
and that the sequential loss of any 4 of these bolts reduces the joint strength 
to approximately that of limit load. 

The A4EJ code predicts tensile 

In 

It is evident that the loss of 2 or 3 of the first 10 
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CONCLUDING REMARKS 

When bolt station stiffnesses are selectively adjusted for web, cap and 
cap bolt flexibilities, the A4EJ computer code provides stress results for the 
ETA tapered end ring that are consistent with the elastic behavior results from 
the EAL computer code and provides significant insight into inelastic effects 
on ring strength. Precise bolt stiffness definition affects individual bolt 
loads more than it affects joint strength. 
clearances and tolerances at bolt holes affects joint strength and failure mode 
significantly for certain sequences of bolt hole failures and certain values of 
potential bolt slip. Unloading or failure of one of the first three bolts from 
the end of the ring changes the failure mode from a web failure to a bolt 
failure, but a loss of any one of the first 10 bolts from the end of the ring 
does not affect joint strength significantly unless a sequential failure 
process is precipitated. If a sequential failure process is precipitated, the 
end of the ETA rfng joint is significantly weakened by the loss of three bolts. 
The loss of four bolts reduces the strength of the ETA ring joint to about that 
of limit load. 

Potential bolt slip caused by 

G-1 .  

G-2. 

G-3. 
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APPENDIX H 

FRACTURE MECHANICS ANALYSIS 

Introduction 

A fracture mechanics analysis of the current Langley 
redesign of the SRB/ET attachment ring has been performed 
with the intent of establishing a useful service life for the 
ring. A goal of forty mission lives is sought with the 
exclusion of water impact loading and with verification of 
material surface condition (i.e. maximum initial crack size) 
by inspection. This analysis considers the propagation of 
cracks at locations in the ring where bolt loading and 
subsequent stresses are of high concern. 

A computer code has been developed to address particular 
types of surface flaws which may cause fracture of the ring, 
and discussion of this analytical tool as well as the results 
of this analysis will be presented in this appendix. 

ANALYSIS 

Loads 

First, it should be noted that the end portion of the 
short side of the ring up to and including the section 
through bolt number 4 encompasses the area of concern for 
this analysis. In order to bound the problem, the present 
configuration of the ring end was used to determine a maximum 
average bolt load which would not violate the allowable 
design stress level of 128 ksi. A simple load over area 
calculation was made for this purpose and did not include 
stress concentration effects of a local nature at the bolt 
holes. This resulted in a 8.57 kip maximum average load 
allowed at the first three bolt locations. Figure H-1 shows 
the present configuration and cross-sectional areas 
considered for determining the allowable bolt load. The area 
through bolt location three is the limiting area in this 
design for establishing the maximum average bolt load. For 
some crack cases however, the maximum allowable design stress 
of 128 ksi was used instead of the calculated section stress 
based on bolt loading in order to bound the problem. 

Computer Program 

A computer code utilizing the standard Paris crack 
growth rate equation was formulated for this analysis. Two 
types of failure were considered. One type of failure was a 
fracture failure. This occurred when the stress intensity, 
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K, exceeded the fracture toughness, KlC, of the material. 
The other type of failure occurred when the net-section 
stress (plastic hinge failure) exceeded the ultimate strength 
of the material. Crack case solutions pertinent to the r i n g  
geometry were obtained from the NASA Flagro crack growth 
program and other recognized published sources (see 
references Hl-H3). In particular, models were coded for through 
crack and corner crack cases for cracks growing from a pin 
loaded lug and for a single-edge crack in a plate. Linear- 
cumulative damage calculations were made (crack-growth 
retardation or acceleration was not considered) for constant- 
amplitude and spectrum loading cases. Under constant- 
amplitude loading, one cycle was considered one flight. 
Under spectrum loading, 506 cycles was considered one flight. 
The basic approach in establishing a spectrum load profile 
was to use a steady state nominal bolt load based on the 
maximum internal motor case pressure (to remain constant 
throughout a flight at 912 psi for this analysis), and add to 
this the oscillatory contributions of the struts at the ring 
end basing those values on the relative changes of the P9 
strut during liftoff and flight. In considering the crack 
cases that were subject to spectrum loading, a maximum 
average bolt load value of 8.57 kips was used. This value 
included the maximum input at the ring end which would be 
induced by strut loading. A maximum of 0.30 kips was used as 
an average maximum input for the first tllA.e bolt locations 
due to strut loading at ”max Q.” Therefore, a nominal steady 
state load of 5.27 kips was used when spectrum loading cases 
were run. The loading profile was established by using the 
“Preliminary Fatigue Loads for SRB” (refH4) for the P9 strut 
and was used in conjunction with the SE-019-057-2H laads 
document (ref H5),  pages 4.19-1 and 4.19-26. The strut loads 
reacted into the ring are reduced to small levels near the 
ends, and the value of 0.30 kips for the maximum appears to 
be in good agreement with the load values predicted by an 
optimum design and as revealed by the latest finite element 
analyses. When stress levels were used i n  the spectrum 
loading cases instead of bolt loads, the levels for t h e  
loading profile were ratioed in the same manner as abcjve. A 
plot of the spectrum loading used for this analysis is shlJwn 
in Figure H - 6 .  

Paris Crack Growth Rate: DA/DN = C(DK)*N 
where: UK = stress-intensity factor range 

C = growth rate coefficient 
N = growth rate exponent 

values of C and N were obtained 
from NASA/FLAGRO for each stress ratio 

Material Properties : Ultimate strength = 190 ksi 
(4340 Steel) Yield strength = 160 ksi 

Fracture toughness = 90 ksi(in)”0.5 
C = 2 . 3 4  E-09 in/cyc 
N = 2.314 
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Model Application 

The prcse I I  t tconf iguration of the ring lesign dict st+_., 
that the maximum web section stress will be experienced in 
the web locate,i between bci l t s  2 and 3 on the short e n 4  of t.he 
ring. For this web section,. two crack case; were consitlered. 

One case considered 3 through crack st irting at the edge 
of the web s-ction. A sketch of this model is shown in 
Figure H - 2 .  In this particular case, a con0;tant web 
thickness of 0.10 inch was assumed across tlie total 1.20 inch 
width of the component. This case neglectett those portions 
of the beam segments in e x ~ e s s  of 0.10 inch and therefore. 
was conservativc. The worse case analysis !'or this model 
used an average cross-sectional area stress of 128 ksi. 

The second c2se  considered was 2 cornel' crack 
originating in t he  beam section of the web. A sketch of this 
model is shown in Figure H - 3 .  For  this case, once the crack 
became critical in this cross-sectioi, a 0.21 inch wide by a 
0 . 2 5  inch thick section, it was considered a failure. Thjs 
also was judged tr be somewhat conservative because the 
influence of t he  U .  10 inch t h i c k  s h e a r  web Eld jacen t  to the 
beam section was neglected in the analysis. Again, for tkis 
crack model, a average cross-section stress of 128 kci was 
used - 

Likewise, ns i r ig  the present design, anclther critical 
area for considerjrig a crack was at bolt location number 3 .  
For this area, 3 corner crack growing from the bolt hole was 
considered. A sketch of this model is shown in Figure H - 4 .  
For this crack case, the average load for input into the 
model was 8.57 kiF.5. This was the maximum value which w o u l d  
not violate t h e  design stress allowable. The effects of 
stress concentration at the bolt hole are included in the 
fracture mechanic.. analysis of this crack case. These 
effects are accounted for in calculating t h e  stress-intensity 
factor, K, for use in this model. 

Results 

The resull,s of this analysis are limited to 4340 st,eel. 
This is due to t,he fact that, 4346 is being recommended tis Lhe 
material of c l - i c ~ ; ~ - ~  Similar results ran be expected with 
4130 steel, alr . l- \ough ac tua l  crack cases should be run f o r  
this material if it i s  selected. 

Analysis results for all crack cases considered s h o w  
that forty mission lives of the attachment ring can be 
achieved. A service life factor (scatter factor) of 4 must 
be met in order to satisfy the fracture control requirements 
(ref H6) of the at,t.:tchment. ring. Using this factor, lifetimes 
of 160 flights (421 times 4 )  or greater tire required to neet' 

.. 
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Lang ley ' s  d e s i g n  g o a l .  The expec ted  cycl ic  l i f e t i m e s  of t h e  
p a r t i c u l a r  models t ,hat  w e r e  r un  are g iven  i n  Tab le s  TI-IT 
th rough H-3". For  a l l  cases, an  i n i t i a l  crock s i z e  of 0 . 0 7 5  
i n q h  w . 3 ~  used. T h i s  a p p e a r s  t o  be a v e r y  r e  a s o n a b l e  va'1.u~ 
f o r  inspec-t.i.orJ p imposes  s i n c e  i t  is  I.argcjr I-han t h e  s t a n d a r d  
damage t o l e r a n t ,  f l a w  s i z e  of 0 .050  i n c h  comn:only used b y  t h e  
U.S. A i r  F o r c e .  Spectrum l o a d i n g  results are given o n l y  f o r  
t h e  two c r a c k  cases w i t h  t h e  s h o r t e s t  l i f e t i m e s .  A d e c r e a s e  
i n  l i f e t i m e  of less t h a n  two p e r c e n t  w a s  e x r e r i e n c e d  i n  b o t h  
cases under  spec t rum l o a d i n g .  A l l  a n a l y s e s  t h u s  f a r  show 
t h a t  based  on t h e  p r e s e n t  d e s i g n  no f l a w s  s m a l l e r  t h a n  0 . 0 7 5  
i n c h  w i l l  grow t o  c r i t i c a l  s i z e  i n  less t h a n  f o r t y  mis s ion  
l i v e s  of the  r i n g  u s i n g  e i t h e r  a maximum of 8 . 5 7  k i p s  a p p l i e d  
a t  t h e  b o l t  holes o r  128 k s i  s e c t i o n  s t ress .  For t h e  case of 
a th rough  c r a c k  a t  t h e  edge o f  t h e  w e b  s ec t i . on  between b o l t s  
2 and 3 ,  a l i f e t i m e  of 602 f l i g h t s  can  be expec ted .  For  t h e  
c o r n e r  c r a c k  i n  t h e  p in- loaded  l u g  ( b o l t  l o c a t i o n  3 )  case,  a 
l i f e t i m e  of 571 f l i g h t s  can be  expec ted .  T h i s  l a t t e r  case 
shows t h a t  a f a c t o r  of 3 . 5  (571/160) o r  bet,ter e x i s t s  beyond 
t h a t  r e q u i r e d  and leads t o  an  added d e g r e e  of c o n f i d e n c e  
g iven  any shor tcomings  i n  t h e  a n a l y t i c a l  approach .  The 
f i n i t e  e lement  ana1 y s i s  of t h e  present .  r i n g  d e s i g n  p r e d i c t s  
lower b o l t  l o a d s  and web stresses t h a n  t . b s e  c o n s i d e r e d  in 
t h i s  a n a l y s i s .  Tkius ,  t h e  a c t u a l  service i i f e  of t h e  r i n r i  
would be l a r g e r  than p r e d i c t e d .  

L i m i t a t i o n s  

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  f a t igue -c ra t :k  growth 
and f r a c t u r e  ailalyses perf ormed w e r e  l i n e a r  e l a s t  i,-. Based 
on p r e s e n t  f l n i t e  e l e m e n t  a n a l y s e s ,  .some local y i e l d i n g  CTIII 

be  expec ted  at. i;cJlas 2, 3 ,  and 4 when s t r - e sz  lconcent ra t icn  
e f f e c t s  a r e  consicrered. A p l o t  of t h e  s t r e s s  c o n c e n t r a t i o n  
f a c t o r  based on T ; I ~  l u g  c o n f i g u r a t i o n  i s  shclwii i n  F i g u r e  H 5 .  
A s  p r e v i o u s l y  mentioned i n  t h e  s e c t i o n  sin mrtdel a p p l i c a t i o n ,  
tlie e f f e c t s  ~ i '  lo( 2 1  stress conc.>nt,rat,ion a t  t h e  b o l t  holes 
w e r e  iricludecl i n  t h e  f r a c t u r e  mechanicz a n a l y s i s .  The et'ft.:t:t. 
o: l o c a l  yielding was n c ~ t  accounted  f o r  i n  t h e  a n a l y s i : ? .  
However, c o n s i ~ l e r :  rig the additional amount of ca lc i i l  n t e c l  
m i s s i o n  1 i f e t i a e  ').?yond. t ,ha t  r e q u i r e d ,  l o c a l  y i e l d i n g  e f f e c t s  
would n r > t  o f f  set +,his m a r g i r t .  

A f i n a l  area of c.snlzlci-:.i, an area which was n o t  3ccaI-irited 
f a r  i n  the jzrc!:;?ri$.. analy:;.i 5 ,  is t h e  cor i t r i  b u t i o n  of w 3 t e r  
impact I o a d i n r ' .  : t i s  felt t h a t  this load  does  n o t  
c o n t r i b u t e  t o  .:L-X : k  propaga t ion  i n  the ring. T h i z  t y p e  (?f 
l o a d i n g  wc\uld t,end t o  cause Some out. of p l a n e  bending  
st.resses i n  t i i t -  r i n g  bu t  i n  a d i r e c t i o n  t h a t  would rmt. 
promote any  c r a c k  growth due t o  f l i g h t  l o a d i n g .  A l so ,  t h e  
e n d s  of t h e  attac1:ment r i .ng  are for t h e  most p a r t  suppor t ed  
by the motor c:izt-~ t a n g s  i n  r e a c t i o n  t o  t h i s  l o a d .  Th i s  wculd 
f u r t h e r  downplay w a t e r  impact l o a d  e f f e c t s  i n  t h e  areas of 
conce rn  from a f r a c t u r e  mechanics s tandpoint , .  
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Conclusion 

In summary, the end of the present SRB/ET attachment 
ring design has undergone a fracture mechanics analysis. 
This was a linear elastic analysis designed to establish a 
lifetime of the ring based on calculated maximum allowable 
flight bolt loads of 8.57 kips applied at the first three 
bolt locations or based on the maximum allowable design 
stress of 128 ksi applied at the web sections. The highly 
stressed areas near the short end of the ring were evaluated 
and service lives greater than forty missions were obtained. 
A very reasonable initial flaw size of 0.075 inch can be 
inspected for in assuring that the ring meets its calculated 
goal. Using this initial flaw size, service lives greater 
than 14 (571/40) times the required goal of forty mission 
lives were calculated. Any uncertainties due to local 
yielding at pin holes, water impact loading, or even handling 
or rework, may have to be further evaluated, although it is 
felt that adequate margin exists beyond the required scatter 
factor of 4 to allow for this. In any event, flight safety 
can be met through periodic inspections. 
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Introauction 

Exper- were corducted to determine the elastic properties of a 

analysis that the shear loading of the f i r s t  (or &) bolt (see fig. 2 8 )  was 
extremdy sensitive to the extensional stiffness (i.e., Y q l s  Modulus x 
cross-sectionalarea,EA) o f t h e w e b s e c t i o n b t h e f i r s t a n d s e c o n d t a n g  
bolts cwme&mg ' thewebtothesRBmotorc2ase. TherequFredareaofthe 
redesigr& f h s t  web section was andlytically found to be small (see fig. 27) 
relative t o  the original web design. Tbe first area was sufficiently small 
thattheboltbossarea, requiredtotransrm 't bolt forces into the web, 
substantially inrreased the section effective extensional stiffness. mere- 
fore, mi- designs for the & W section w e r e  developed and fabricated 
for test to obtain a measure of the llactualtl extensional stiffness. 

BpsrinrentS to determine bolt stiffness and strength, m a t e r i a l  Youngls 
modulus, and the effectiveness of various hshings in reauCing bolt stiffness 
were  also conducted. 

praposed partial SRB externdL tank attachment ring web. It was deternun ' d b y  

?fie test fixture and component cmfiquxation used to load two  web 
sections per test in single-shear are Shawn in Figure 1-1. 
fixtun3 halves are USBd back-to-hck to eliminate aut-of-plane bending 
deformations of the fixture which W d  cccur i f  web section ccBOpOnentS were 
tested singly in single shear. 
are shown in Figure 1-2. T h e  test fixture was fabricated froan 17-4 ph s t e l  
Mt-treated to a hardness of approximately -11 C 42 to aFproximate the 
SRBcasinghanhSs and streqth. 

head (as shown in Figure 1-1 and 1-3) using electmu 'c, knife edge -. Attenpsts to obtain measurements fram the bolt head were 
unsuccessful. Fixture displacenmts (y) w e r e  obtained by attaching rigid 
offsets to the fixture t o  support Darr displacement nwsuring devices. 

influmce in that plane) the rigid offsets supported the Dcar instrumentS 
apmximately 5 inches fram the fixture clam-shell separation plane as sham 
in Figure 1-3. 
displacement -ts to be obtained in a plane through the components1 
centerlines. 

view i n  Figure 1-3, w h i c h  has the effect of amplifying the resultant fixture 
displacements (y , y ). 
lines, the d l &  displacanent (y) is equal to the average of y and yz as 
shewn in Figure 1-3. 

?tJo clam-shell 

Detai l s  of the test fixture clawshell halves 

me CQnPonent extension (x) were takn adjacerrt to the bolt 

To 
keep these measurements along the component centerline (to eliminate bending 

'fhis permitted the ccpnponent extenSameter and fixture 

Differential extension of the Ccpnpanents (5, 
fixtures to rotate (essentially as rigid bodies) as shown 

Since the rigid offsets constitute two straight 

The extension (x) is equal to the average of &he two 
ccmpcolents (5 5, - 0  

Elastic property DeterrmM ' tion 
' ?he elastic pmperties (conpnent extensional stiffness, EA and bolt 
stiffness, K )  we~=deterrmned ' as defined in Figure 1-4. 
essentially impossible t o  measure those displacements needed to calculate the 

Since it is 

2 2 6  
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elastic pruperties exactly, the mst appropriate 
shown in Figures 1-3 and 1-4. 
the analysis model and equations given in Figure 1-4, and provided a basis for 
ocanparirq various component designs for the end section. 

were taken as 
B o l t  and CCBnpolEent calculations were made frcan -- 

lhree designs for the end web section(s) were cansidered. 'Ihese 
Ccmponent configurations are shown in Figures 1-5 thru 1-7 w h i c h  also show 
typical load-deflection response for the three web CCBnponent designs tested 
us- 4130 steel heat-treated to -1 C 42 hardnes. 

extensions are labeled EX-1 and EX-2. 
-ts are labeled E-1 and E-2.  
extensional stiffness (EA) were de- using the methods outlined on 
pigum 1-4 and are summarized in Figure 1-8. 

fixture hole s i z e  combhations tested. 
the calculated values, there is an apparent trend to lower values of bolt 
stiffness for %loppytt holes. For the tests sham in Figure 1-8 and 1-9, a l l  
cmponents were ttseatedtt (free-play removed) by applying load before data w e r e  
recorded, therefore free-play or  slippage did not contribute to the bolt 
stiffness scatter. Each cxouponerrt tested was loaded to 10,000 lbf (20,000 lbf 
total applied load). 

the three amponent ard fixture hole size cambinatims tested. Since none of 
the designs showed any distinct advantage (i.e., lower extensional stiffness) 
over the others, the double bar design was selected for refinement due t o  
handling and fabrication considerations. Extra material was ma&& f m  the 
bolt boss area t o  reduce the effective extensional stiffness of the double bar 
cunpnents. 
on6the 4.5-inch CCBnponent reduced the stiffness fm 3.21 x 10 
10 lbf. 
value of 2.76 x 10 w h i c h  is based on the cross-sectional area of the bars 

me individual 
me fixture displacemnt 

Bolt  stiffness ( K )  and section 

Bol t  stiffness values are sham in Figure 1-9 for the three ccanponent and 
W e  there is considerable scatter in 

Extensional stiffness calculation results are ~hown in Figure 1-10 for 

It is &own in Figure 1-10 that successive machin@ operations 

The fma& configuration shcwn was still 5.8 percent above the taryet 
lbf t o  2.92 x 

d Y  

web Bending 

single shear loading of bolts (i.e., current ET attach ring design) has 
the consequence of bending the web locally and distorting measurements taken 
fram the ccnnpomt surface. 
shms the physical situation in the test setup used for the web erd CCBnponent 
tests. 
the bolt hole inside diameter resulting in a m m a t  beins applied to the 
ccpnponent mass Section as w e l l  as an axial force. It is sham in the Figure 
that displacement -ts taken on the %utsidett surface of the test 
ccwponent wmld be less than the desired w& midplane displacement requked to 
accurately measure the c a p r e n t  extensional perfonnance. Since the caqomnt 
is bolted to  a fixture, the points required for -t (i.e., w;eb 
midplane on loaded side of the bolt hole) axe inaccessible. An atten@ t o  
quantify the bending effect mder the bolt head is sham in Figure 1-12. 
displacement between two points on the 8b.xtside edgetw and subsequently two 
points on .the I@inSide edgetw of a test CCBnponent during loading were obtained 
using t w o  optical micrometers. T h e  locations are shown h Figure 
1-12 and 1-13. 

!Ihis problem is depicted in Figure 1-11 which 

The bolt ratation essentially causes the bolt to  bear non-uniformly on 

!Ihe 

Each displaamentmeasurement sham i n  Figure 1-13 is the 
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average of five tests, since it was @ysically impossible to obtain the 
%nsidetm and %utsidett nreasurements simultaneously. 
average test results for two series of tests. One series used only two bolts 
while the sewn3 series used a t hhd  bolt, fwer tightened to preclude 
mement a t  that location away fmn the fixture. 
difference between midplane and surface displacement values is 0.0016 inch and 
0.0018 inch for the ~lrestrainedll anl "free" cases, respectively. 
reason& that such a %orrection fa&P shauld be applied to the extensometer 
msasurements used to calculate the stiffness parameters listed in Figure 1-8. 
As an -le, %orrecti@ the double bar (4.5 in&es& test results in Figure 

Fi- 1-13 shows the 

It is shown that the 

It may be 

Ibf to (2.86 - 2.62) g 
fm (1.03 - 1.5) x 10 

Figure 1-14 shows a ccQlparison of a dcuble-bar test result and a finite 
elenkmt analysis of that test. Ihe finite el- model did not include 
eccentric loading a t  the bolt hole, therefore, the analytical result does not 
include any aut-of-plane bending deformations. 
the herding effects. me f ini te  element analysis indicates a displacement of 
0.0151 inches a t  the location where the %orrection factor" was determined. 
Test results indicate a displacement of 0.0136 inches. 
%orrectianm displacement to the test value results in an exprimntal 

analytical result. 

calculating the actual effective elastic properties of StruCturdL cmpments 
loaded in single shear, as discussea herein, indicates that judicious use be 
made of "design" values deduced fram experimental results. silml- 

identify and quantify anmalies (such as benaing) which may be present. 

Ihe test results shum include 

Adding the 0.0018 inch 

of 0.0154 inches, khich cc~opares more favorable w i t h  the 

?he extreme difficulty in  obtaining the alsprapriate -ts for 

eqeriments (analysis) of any exper- is highly recQlpneTded to 

In60Lder 3 insure that the 4130 steel the xxminal rmdulus of 
30 x 10 Ibf/in , tests were perfoxmed to deterrmne the actual Young's modulus 
of the specimens being manufacbured a t  m. 
presented i n  Figure 1-15 along w i t h  ultimate load test results for the 3/8- 
inch tang bolts being used. Tes t  results shown in Figure 1-15 confirmed the 
wdulus of 4130 steel and exceded the reported ultimate bolt shear strength 
(16,000 Ibf). 

EEesults of these tests are 

wlshirrg- 

To hestigate design alternatives, a series of clearance f i t  bolt hole 

Figures 1-16 thru 1-18 show the bolt loaddeflection response of 
bushhgs mre tested to determine their effectiveness in reducing bolt 
stiffness. 
an d sectim design (dog-bone/4130 steel) w i t h o u t  a lmshixq and the respanse 
of the same CQnPonent ma- and fitte@ with 1020 steel bushings of varims 
thidmesses. 
characterized by greater scatter in their loaddeflection d.laracteristics. 
secant values of bolt stiffness were  calculated fm the results shown in 
F'igures 1-16 thru 1-18 and are presented in Figure 1-19. The calculated 
kcant  values of bolt stiffness a t  10,000 lbf bolt load are ShCkJn for the 

w i d t h  at each thichess and each t i m k  is a test result. The circled tests 

It is shown h the Figures that thicker bushhgs are 

threelmshingthi-tested. meverticalbarindicatesthexatterbard 
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were performed ini t ia l ly  w i t h  lxlshings machined f m  different 1020 steel than 
were the other tests. A different fixture (of the same design) was also used 
for the initial tests. All fixtures init ially had 0.391-inch bolt holes and 

stiffness (1.2 x 10 lbf/in) was famd analytically to be desirable in 
reauChq the load h the end tang bolt. 
lxlshings were faund suitable since a l l  data fell w i t h i n  this baxl. A bolt 
stiffness value of 60 percent of the baseline was selected as the n d  
value for analysis purposes. 

of the aluminum bushings is approximately the same as the steel bushings but 
is characterized by more consistent (i.e., less scatter) behavior a t  al l  three 
thichesses tested. 
stiffness for the three bushing thicknesses considered. 
cdlculated bolt stiffness for bath the 0.018-inch and 0.035-inch thick 
bushbgs fall w i t h i n  the desired range a t  0.5 to 0.7 times the baseline bolt 
stiffness. I 

dll b u s h h ~ ~  had 0.385-inch bolt holes. 
An effective s&cant bolt stiffness of 0.5 to 0.7 times the baseline 

Therefore, the 0.018-inch steel 

Figure 1-20 through 1-22 shm the bolt load-deflection response of 2024- 
T4 aluminum bushhgs tested similarly to the steel bushings. The performance ! 

l 

I 

Figure 1-23 shms the calculated secant values of bolt 
It is shown that 

W-section web designs being considered have an erd web section height 
of 1.2 inches. 
load occurs when a maXinnrm thickness bushing is us&. 
diameter being considered is 0.4934 inches. A tensile test was performed 
ushq a 4130 steel dog-- type ccBOpOnent w i t h  a maXirmrm w i d t h  through bolt 
hole center equal to 1.2 inches. A hardened steel bushing was used (OD = 
.4934 inches and ID = .385 inches) in conjunction w i t h  3/8-inch tang bolts t o  
detemhe the load carrying capability of a rnbhmu height web section w i t h  a 
maXinarm diameter bushing installed, including hole stress concentration 
effects. 
described previously. A maxinarm load of 32,500 lbf was attained before 
yielding occurred away fran the bolt hole, in  the minirmrm cross-sectional area 
of the test ccanponent. 
the bolt hole and bushing. 

The rninimm cross-sediondl area available to transrm 't bolt 
The maxiTIRrm bushing 

?tJo CcBnpOnents were loaded simultaneously in the test fixture as 

No bolt yielding or web yielding was visible around 
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APPENDIX J 

WEIGHT STATEMENT 
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APPENDIX J 

WEIGHT STATEMENT 

A weight statement is presented in Table J-1. 
of the ring end pieces and weights of fasteners and splice plates for 
attaching the end pieces to the main part of the ring. 
proposed concept parts are compared to weights of comparable parts of the 
existing ring component. 

This table lists weights 

Weights for the 
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